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1
POWER MEASURING APPARATUS

FIELD

The present invention relates to various thin-film sensor
type power measuring apparatuses which are simplified in
structure and reduced in size yet capable of measuring power
in high-frequency circuits or batteries.

BACKGROUND

Inrecent years, while environments for taking advantage of
the Internet or the like have been prepared, measurement
systems including one for remote electric-power meter read-
ing are being developed. Conventionally, to measure electric
power, use has been made of the integrating wattmeter which
converts power consumption to the number of revolutions of
the disk for integration operation. Recently, the integrating
wattmeter has been additionally provided with a sensor for
detecting revolutions, an electric current meter (CT), or a
potentiometer (PT) so as to perform multiplication computa-
tion with an electronic circuit or a microprocessor, thereby
measuring the power. The integrating wattmeter has a com-
plicated device structure, which is not only large but also
expensive, and cannot be digitally controlled because the
power is measured mechanically. Furthermore, in combina-
tion of these, extra energy may be consumed.

In this context, it is desired to develop a power meter which
is capable of measuring power consumption as the amount of
electric power as it is and which can be reduced in size and
integrated.

On the other hand, in recent years, not only electrical
devices for business use but also household electrical devices
have increasingly incorporated high-frequency circuits, caus-
ing various adverse effects to occur due to the occurrence of
harmonic currents. For example, in an area where cutting of
the leakage of harmonic currents is loosely regulated, the
leakage of harmonic currents has affected a surrounding
household electrical device, e.g., causing the device to be on
fire. Thus, there has arisen a social need for a sensor and a
power measuring apparatus which can measure the occur-
rence of harmonic currents in a simplified manner.

As a substitute for the integrating wattmeter, for example,
suggested were a power measuring apparatus and a magnetic
field sensor therefor, which are capable of taking advantage of
the magnetoresistance effect of the magnetic thin film so as to
measure power consumption as the amount of electric power
as it is (Non-Patent Literature 1). The power measuring appa-
ratus and the magnetic field sensor are configured to employ
a magnetic thin film (arranged on a substrate) disposed in
parallel to a primary conductor through which an alternating
current flows, allow a primary voltage to be applied to both
the ends of the magnetic thin film via a resistor, and take the
output on both the ends of the magnetic thin film. For
example, this power measuring apparatus takes power IV
from the amplitude value of the second harmonic component.

This power measuring apparatus or the like is configured to
take a signal component proportional to power by focusing
attention on the fact that linear characteristics can be obtained
without a bias magnetic field by taking advantage of a planar
hall effect (PHE) or a phenomenon that in a ferromagnet of
magnetic thin film, the electrical resistance value of the mag-
netic substance varies depending on the angle formed
between the current and the magnetization (this power mea-
suring apparatus is referred to as “the planar hole type power
measuring apparatus” or “the PHE type power measuring
apparatus”).
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Note that the magnetic field sensor employed here is an
element for converting a change in an external magnetic field
into an electrical signal, the element being configured such
that a magnetic thin film such as a ferromagnetic thin film or
a semiconductor thin film is patterned to flow current through
the patterned magnetic thin film and the change in the external
magnetic field is then converted as a change in voltage into the
electrical signal.

However, the PHE type power measuring apparatus has to
take the voltage output, to be detected across the magnetic
thin film, in a direction orthogonal to the load current through
a primary conductor. That is, the voltage has to be outputted
on both the ends of the magnetic thin film in the width direc-
tion thereof. Thus, the PHE type power measuring apparatus
needs to have a magnetic thin film increased in width to some
extent, and thus cannot use a magnetic thin film reduced in
width (which means here, e.g., a straight line shape or a
rectangular shape that is thinner in the longitudinal direction).
Furthermore, the PHE type power measuring apparatus has a
geometric restriction that the magnetic thin film has to be
formed of a bridge circuit. These mean that the PHE type
power measuring apparatus can be installed with difficulty on
a special line, such as the microstrip line or the coplanar line,
which is employed in high-frequency circuits.

As other power measuring apparatuses for high-frequency
use, a bolometer or precision measuring instrument may also
available. However, such an instrument has a large compli-
cated structure and is very expensive, so that the instrument
cannot be used for power measurement or detection in each
device or each facility.

CITATION LIST
Patent Literature

Patent Literature 1: Japanese Patent Application Laid-Open
No. Hei. 11-274598

Non-Patent Literature

Non-Patent Literature 1: Thin film power meter using mag-
netic thin film (The Institute of Electrical Engineers of
Japan, Journal of Technical Meeting of Magnetics Vol.
MAG-05, No. 182).

SUMMARY
Technical Problem

The present invention was developed in view of the afore-
mentioned problems. It is therefore an object of the present
invention to provide a power measuring apparatus which has
a simplified and inexpensive structure and which is suitable
for power measurement of, for example, various types of
circuits including high-frequency circuits or batteries.

Solution to Problem

A power measuring apparatus according to a first invention
for measuring power to be consumed by a load connected to
a power supply via a connection line, the power measuring
apparatus being characterized by including:

a pair of connection ends for connecting to the power
supply in parallel to the load;

a magnetic film part including a magnetic film;

a sensor element having a pair of sensor terminals provided
on both ends of the magnetic film part, with one end of the
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sensor terminals connected to one of the connection ends, the
sensor element being disposed adjacent to the connection line
with an insulating layer interposed therebetween in such a
manner that the longitudinal direction of the magnetic film
part is generally in parallel to the direction of the connection
line in which a current flows;

ameasurement resistor with one end connected to the other
end of the sensor terminals of the sensor element and the other
end connected to the other of the connection ends; and

a voltage detecting unit for measuring a voltage between
measurement terminals, the measurement terminals being the
respective sensor terminals.

This makes it possible to provide a more compact and
inexpensive power meter than conventional integrating watt-
meters. Furthermore, this power measuring apparatus well
employs an elongated magnetic film because the apparatus
outputs a voltage in the longitudinal direction of the magnetic
film, and is thus also suitable for power measurement on aline
such as the microstrip line that is often employed in high-
frequency circuits. In this regard, this power measuring appa-
ratus has a significant advantage over the PHE type power
measuring apparatus that outputs a voltage in the width direc-
tion of the magnetic film and thus cannot have a magnetic film
of a reduced width.

A power measuring apparatus according to a second inven-
tion for measuring power to be consumed by a load connected
to a power supply via a connection line, the power measuring
apparatus being characterized by including:

a pair of connection ends for connecting to the power
supply in parallel to the load;

amagnetic film part with a first magnetic film and a second
magnetic film each formed in a straight line and connected in
series to each other, the first magnetic film and the second
magnetic film having a connection point grounded;

asensor element having a pair of sensor terminals provided
on both ends of the magnetic film part, with one end of the
sensor terminals connected to one of the connection ends, the
sensor element being disposed adjacent to the connection line
with an insulating layer interposed therebetween in such a
manner that the longitudinal direction of the magnetic film
part is generally in parallel to the direction of the connection
line in which a current flows;

ameasurement resistor with one end connected to the other
end of the sensor terminals of the sensor element and the other
end connected to the other of the connection ends; and

a voltage detecting unit for measuring a voltage between
measurement terminals, the measurement terminals being the
respective sensor terminals.

The power measuring apparatus of the present invention
can cancel out an offset caused by a magnetic field applied to
the magnetic film and detect only a change in a magnetic field
being measured.

A power measuring apparatus according to a third inven-
tion for measuring power to be consumed by a load connected
to a power supply via a connection line, the power measuring
apparatus being characterized by including:

a pair of connection ends for connecting to the power
supply in parallel to the load;

amagnetic film part with a first magnetic film and a second
magnetic film each formed in a straight line and having dif-
ferent operating points, the first magnetic film and the second
magnetic film being connected in series to each other and
having a connection point grounded;

asensor element having a pair of sensor terminals provided
on both ends of the magnetic film part, with one end of the
sensor terminals connected to one of the connection ends, the
sensor element being disposed adjacent to the connection line
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with an insulating layer interposed therebetween in such a
manner that the longitudinal direction of the magnetic film
part is generally in parallel to the direction of the connection
line in which a current flows;

a measurement resistor with one end connected to the other
end of the sensor terminals of the sensor element and the other
end connected to the other of the connection ends; and

a voltage detecting unit for measuring a voltage between
measurement terminals, the respective measurement termi-
nals being a point for connecting via a resistor between the
one end and the other end of the sensor terminals and the
grounded point.

The power measuring apparatus according to the third
invention employs, in combination, sensor elements having
different operating points, and thus eliminates the need for a
bias magnetic field when used.

A power measuring apparatus according to a fourth inven-
tion for measuring power to be consumed by a load connected
to a power supply via a connection line, the power measuring
apparatus being characterized by including:

a pair of connection ends for connecting to the power
supply in parallel to the load;

a magnetic film part including a magnetic film;

a sensor element having a pair of sensor terminals provided
on both ends of the magnetic film part, with one end of the
sensor terminals connected to one of the connection ends, the
sensor element being disposed adjacent to the connection line
with an insulating layer interposed therebetween in such a
manner that the longitudinal direction of the magnetic film
part is generally in parallel to the direction of the connection
line in which a current flows;

a measurement resistor with one end connected to the other
end of the sensor terminals of the sensor element and the other
end connected to the other of the connection ends; and

a voltage detecting unit which is connected, in parallel to
the sensor element and the measurement resistor, with a series
connection of an equivalent sensor resistor having a resis-
tance value equivalent to that of the sensor element and an
equivalent measurement resistor having the same resistance
value as that of the measurement resistor, the voltage detect-
ing unit detecting a potential between measurement termi-
nals, the respective measurement terminals being a connec-
tion point between the sensor element and the measurement
resistor and a connection point between the variable resistor
and the equivalent resistor.

The power measuring apparatus according to the fourth
invention employs the sensor element as one resistor element
of'a bridge circuit, so that an AC component can be cancelled
out and a slight DC component superposed on the AC com-
ponent can be detected with high accuracy.

A power measuring apparatus according to a fifth invention
for measuring power to be consumed by a load connected to
a power supply via a connection line, the power measuring
apparatus being characterized by including:

a pair of connection ends for connecting to the power
supply in parallel to the load;

a magnetic film part with a first magnetic film and a second
magnetic film each formed in a straight line and connected in
series to each other, the first magnetic film and the second
magnetic film having a connection point grounded;

a sensor element having a pair of sensor terminals provided
on both ends of the magnetic film part, with one end of the
sensor terminals connected to one of the connection ends, the
sensor element being disposed adjacent to the connection line
with an insulating layer interposed therebetween in such a
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manner that the longitudinal direction of the magnetic film
part is generally in parallel to the direction of the connection
line in which a current flows;

ameasurement resistor with one end connected to the other
end of the sensor terminals of the sensor element and the other
end connected to the other of the connection ends; and

a voltage detecting unit wherein an equivalent measure-
ment hand resistor having the same resistance value as that of
the measurement resistor is connected both to the sensor
terminal with the sensor element connected to the one of the
connection ends and to the other end with the measurement
resistor connected to the other of the connection ends, the
voltage detecting unit detecting a potential between measure-
ment terminals, the measurement terminals being the respec-
tive sensor terminals.

The fifth power measuring apparatus can cancel out an AC
component and detect a slight DC component superposed on
the AC component with high accuracy. The apparatus can also
cancel out an offset caused by the magnetic film.

A power measuring apparatus according to a sixth inven-
tion for measuring power to be consumed by a load connected
to a power supply via a connection line, the power measuring
apparatus being characterized by including:

a pair of connection ends for connecting to the power
supply in parallel to the load;

amagnetic film part with a first magnetic film and a second
magnetic film each formed in a straight line and having dif-
ferent operating points, the first magnetic film and the second
magnetic film being connected in series to each other and
having a connection point grounded;

asensor element having a pair of sensor terminals provided
on both ends of the magnetic film part, with one end of the
sensor terminals connected to one of the connection ends, the
sensor element being disposed adjacent to the connection line
with an insulating layer interposed therebetween in such a
manner that the longitudinal direction of the magnetic film
part is generally in parallel to the direction of the connection
line in which a current flows;

ameasurement resistor with one end connected to the other
end of the sensor terminals of the sensor element and the other
end connected to the other of the connection ends; and

a voltage detecting unit wherein an equivalent measure-
ment hand resistor having the same resistance value as that of
the measurement resistor is connected both to the sensor
terminal with the sensor element connected to the one of the
connection ends and to the other end with the measurement
resistor connected to the other of the connection ends, the
voltage detecting unit detecting a potential between measure-
ment terminals, the respective measurement terminals being a
point for connecting between the sensor terminals via a resis-
tor and the grounded point grounded.

The power measuring apparatus according to the sixth
invention does not require a magnetic field for adjusting the
operating point when used. In addition, the apparatus can
cancel an AC component and detect a DC component super-
posed on the AC component with high accuracy.

A power measuring apparatus according to a seventh
invention for measuring power to be consumed by a load
connected to a power supply via a connection line, the power
measuring apparatus being characterized by including:

a pair of connection ends for connecting to the power
supply in parallel to the load;

a magnetic film part including a magnetic film;

asensor element having a pair of sensor terminals provided
on both ends of the magnetic film part, with one end of the
sensor terminals connected to one of the connection ends, the
sensor element being disposed adjacent to the connection line
with an insulating layer interposed therebetween in such a
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manner that the longitudinal direction of the magnetic film
part is generally in parallel to the direction of the connection
line in which a current flows;

a measurement resistor with one end connected to the other
end of the sensor terminals of the sensor element and the other
end connected to the other of the connection ends; and

a voltage detecting unit for measuring a voltage between
measurement terminals, the measurement terminals being the
respective ends perpendicular to the sensor terminals of the
magnetic film part.

The power measuring apparatus according to the seventh
invention can employ the planar hall effect as the sensor
element.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is an explanatory schematic view showing magne-
toresistance effect.

FIG. 2 is a graph showing that the magnetoresistance effect
requires a bias magnetic field.

FIG. 3 shows the outline of the measurement principle of a
power measuring apparatus of the magnetoresistive type.

FIG. 4 is a generally perspective cross-sectional view illus-
trating a magnetic field sensor unit in the magnetoresistive
type power measuring apparatus.

FIG. 5 is a cross-sectional view illustrating an insulating
portion and a magnetic film of the magnetic field sensor of
FIG. 4.

FIGS. 6(a) and 6(b) show an example of a measurement
circuit of the magnetoresistive type power measuring appa-
ratus.

FIG. 7 is a view showing an improved example of the
measurement circuit of FIG. 6.

FIG. 8 shows measurement results provided by the mea-
surement circuit of FIG. 7.

FIGS. 9(a) and 9(b) show other measurement results than
those of FIG. 8.

FIG. 10 shows other measurement results than those of
FIG. 8.

FIG. 11 shows an example of a measurement circuit for
demonstrating the adequacy of an nth order harmonic mea-
surement by the power measuring apparatus.

FIG. 12 shows measurement results provided by the mea-
surement circuit of FIG. 11.

FIG. 13(a) is a graph showing a summary of the measure-
ment results of FIG. 12, and FIG. 13(b) is a rewritten graph
showing a change in V2 output with respect to zero watt
consumption.

FIG. 14(a) is a graph showing a summary of the measure-
ment results of FIG. 12, and FIG. 14(b) is a rewritten graph
showing the measurement results of (a) on the left with the
horizontal axis representing power consumption by a load
resistance RLoad.

FIG. 15 shows a configuration of a power measuring appa-
ratus which extracts a desired nth order high frequency
through a bandpass filter for output.

FIGS. 16(a) and 16(b) are explanatory schematic view of
the magnetoresistance effect and the planar Hall effect.

FIG. 17 shows output measurement results with no AC bias
magnetic field applied.

FIGS. 18(a), 18(b) and 18(c) show output measurement
results with different AC bias magnetic fields applied.

FIGS. 19(d) and 19(e) show output measurement results
with different AC bias magnetic fields applied.

FIGS. 20(a) and 20(b) show output measurement results
with no AC bias magnetic field applied to a square wave.

FIGS. 21(a) and 21(b) show output measurement results
with an AC bias magnetic field applied to a square wave.
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FIG. 22 shows output measurement results with a DC bias
magnetic field applied and with DC bias magnetic fields of
different magnitudes applied.

FIG. 23 shows a connection method for connecting mag-
netoresistive elements in series so as to measure a DC input.

FIG. 24 shows an improved example of the connection
method of FIG. 22 which is configured to be capable of
monitoring the amount of discharge and the amount of charge
of a battery.

FIG. 25(a) is a schematic view similar to FIG. 5; 25() is a
schematic view showing the power measuring apparatus used
for measuring a microstrip line; and 25(c) is a schematic view
showing the power measuring apparatus used for measuring a
coplanar line.

FIGS. 26(a) and 26() illustrate a magnetic film in a barber
pole type magnetoresistive type power measuring apparatus.

FIGS. 27(a) and 27(b) illustrate a diagonal conductor film
and an electrode which are to be provided on top of a magnetic
film.

FIGS. 28(a) and 28(b) illustrate the relationship between a
voltage V1 and a magnetic field H in the longitudinal direc-
tion.

FIGS. 29(a) and 29(b) illustrate a differential barber pole
type magnetoresistive type power measuring apparatus, (a) is
aphoto taken from above and (b) is a schematic view showing
the power measuring apparatus used for measuring a micros-
trip line.

FIGS. 30(a) and 30(5) show how the electrical resistance of
a magnetic film varies due to typical magnetoresistance
effect.

FIGS. 31(a) and 31(5) show that due to barber pole patterns
of different inclinations, the magnetoresistance effect of a
barber pole magnetic film exhibits the characteristics that
would be made available when different bias magnetic fields,
i.e., positive and negative ones are applied to the right and left
of the magnetic film, respectively.

FIG. 32 illustrates how an amplifier circuit is connected to
a differential barber pole magnetoresistive type power mea-
suring apparatus.

FIG. 33 illustrates a specific measurement system in rela-
tion to FIG. 32.

FIG. 34 shows the output characteristics between A and B
terminals of FIG. 33.

FIG. 35 shows the output characteristics between C and B
terminals of FIG. 33.

FIG. 36 shows the output voltage from an operational
amplifier of FIG. 33.

FIG. 37 is a schematic view illustrating a measurement
system when a bias magnetic field is applied in parallel to the
longitudinal axis.

FIG. 38 shows the output characteristics of the measure-
ment system of FIG. 37.

FIG. 39 shows the output characteristics of the measure-
ment system of FIG. 37.

FIG. 40 shows the output characteristics of the measure-
ment system of FIG. 37.

FIG. 41 illustrates a system for measuring characteristics
as a power meter when a load current (I1) is allowed to flow
through a conductor film.

FIG. 42 shows the output characteristics when the load
current (I11) is allowed to flow through the conductor film with
no bias magnetic field applied.

FIG. 43 shows changes in output when a magnetic field is
applied in the longitudinal direction of an element (in the
longitudinal direction of the magnetic film).

FIG. 44 illustrates a measurement system when a bias
magnetic field is applied.

FIG. 45 shows the output characteristics of the magnetore-
sistive type power measuring apparatus with a bias magnetic
field applied.
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FIGS. 46(a) and 46(b) show a sensor element which
employs a magnetic film that has a magnetization easy axis
tilted relative to the longitudinal direction.

FIG. 47(a) is an image view showing a slight DC compo-
nent, 47(b) is an image view showing the DC component
amplified by a low-pass filter or an amplifier, and 47(c) is an
image view showing that the output voltages across a dummy
resistor VR and a magnetic thin film Rmr are subjected to
differential amplification to thereby take only the DC voltage
component.

FIG. 48 illustrates a specific measurement circuit in rela-
tion to FIG. 47.

FIGS. 49(a) and 49(b) each show measurement results
with the input alternating current (load current) on a reference
side having an execution value of 4.0 V at 100 Hz.

FIG. 50 is a graph showing the results of detecting har-
monic currents in the same method as with FIG. 49(5).

FIG. 51 is a view illustrating a connection for incorporating
a sensor element into a bridge circuit in the presence of a
center tap electrode.

FIG. 52 is a view illustrating a connection for incorporating
a sensor element into a bridge circuit in the presence of a
center tap electrode, the sensor element having magnetic
films of different operating points on both sides.

FIG. 53 is a view illustrating the configuration of a sensor
element incorporating a zigzag magnetic film.

FIG. 54 is a view illustrating the configuration of a zigzag
sensor element with a center tap electrode.

DESCRIPTION OF EMBODIMENTS

Now, embodiments of the present invention will be
described with reference to the drawings. First, a description
will be made to the measurement principle of a power mea-
suring apparatus of the present invention.

The power measuring apparatus according to the present
invention takes advantage of magnetoresistance effect or a
phenomenon that the electrical resistance value of a magnetic
substance varies depending on the angle (orientation) which
is formed between a current and magnetization (spontaneous
magnetization) in a ferromagnet or a semiconductor. A
description will be made more specifically with reference to
FIG. 1. A current | is allowed to flow through a ferromagnet.

Here, when a magnetic field H acts upon a ferromagnet in
a direction perpendicular to the direction of flow of the cur-
rent I, the magnetic field H affects magnetization M so as to
change the direction thereof. This in turn causes a voltage V1
in the direction of the current to be changed. For the magne-
toresistance effect in the same direction as that of the current
1 through the ferromagnet, the output voltage V1 for the
magnetic field H exhibits an even function as shown in FIG. 2.
In FIG. 2, the horizontal axis represents the magnetic field
acting upon the ferromagnet, while the vertical axis repre-
sents the voltage V1 across the ferromagnet in the direction of
the current.

The horizontal axis is determined to be positive or negative
depending on the direction. For example, assuming that the
magnetic field H directed from bottom to top with respect to
paper surface in FIG. 1 is in the positive direction, a magnetic
field directed and acting from top to bottom in the figure is a
negative magnetic field. The output voltage V1 exhibits a
bell-shaped characteristic, so that a bias magnetic field has to
be applied either in the positive or negative direction in order
to obtain a linear characteristic. FIG. 2 shows that the bias
magnetic field is applied in the positive direction, and the
operating point has moved to an inclined segment of the
bell-shaped characteristic curve.
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<Measurement Principle and Basic Structure of the Magne-
toresistive Type Power Measuring Apparatus (for AC Input)>

Now, a description will be made to the measurement prin-
ciple of the power measuring apparatus of the present inven-
tion with reference to FIG. 3. This circuit is constructed as a
parallel circuit in which a current from a power supply Vin is
divided into currents I1 and I12. The current from the power
supply Vinis allowed to flow in parallel both along a transport
path in which the current I1 is allowed to flow through a
primary conductor film Cu and a load R1 (Load R1) across
which power consumption is measured and along a measure-
ment path in which the current 12 is allowed to flow through
a magnetic film 1a and a measurement resistor R2 (12). Note
that it is assumed here that the measurement resistor R2 is
sufficiently greater than the resistance value Rmr of the mag-
netic film 1a.

The current 11 flowing through the load R1 generates a
magnetic field H around the primary conductor Cu when
flowing through the primary conductor Cu. The magnetic
field H causes magnetoresistance effect in the magnetic film
1a as well as a change in the voltage Vmr between the ends of
the magnetic film. The output voltage Vmr is proportional to
the power consumption in the load R1. It is thus possible to
measure the power consumption in the load R1 by measuring
the output voltage Vmr.

It canbe explained as follows that the voltage Vmr between
the ends of the magnetic film is representative of the power
consumption in the load R1.

[Equation 1]

The magnetic field applied to the magnetic filn:
H=col
The change in the electrical resistance of the magnetic film:

AR, = H
= Blal)
The electrical resistance across the entire magnetic filnx
R = Rno + AR,y
= Rio + afily
The voltage in the longitudinal direction of the magnetic film:
Vir = Rnd2 = (Rmo + AR = (Ruo + @)1

Vin = Vosinwr

n=2g 0
1= R—lsm(wt— )]

; Vo .
= —sinwr
2= g, sinw

Vinr = (Rio + o)

Vo . Vo .
= (Rmo + wﬁ’R—lsm((ut - 0))R—251nwt

RuoV. v v
= 7:2 % sinwr + Dzﬁ'R—(l)Sin(w[ -0 R—Zsinwt
R V. Vo Vo L
= 7:2 ® sincr + DzﬁR—(l) R_Z 5{0059 — cos(2wit - )}
RV, Vo Vo 1 Vo o 1
- %Sjmﬂ - aﬁR—(l) R—Z zcos(Zwt -0+ wﬁR—(l) R—Z zcos@

V2
= AC compornent +DC compornent (k ® R—OCOSO]
1

The final one of the calculation equations above represents
the sum of an AC component and a DC component. That is,
the AC voltage and the DC voltage are superposed to appear
in the output voltage Vmr in the longitudinal direction of the
magnetic film 1a. It is thus possible to measure the power
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consumption in the load R1 (P=11*V1=V1*R1) for an AC
input by measuring only the DC voltage component in the
longitudinal direction of the magnetic film 1a. Note that the
DC component in the final equation above is proportional to
(V1%/R1)cos 0. That is, measuring the DC component of Vmr
is to measure the effective power including the power factor
case.

Furthermore, in the view which illustrates the principle of
the power measuring apparatus shown in FIG. 3, discussion
will also be made to power measurement in the case where
harmonics are contained in the AC voltage and current being
applied to the load R1. Equation 2 below shows calculation
equations for determining the output voltage Vmr when nth
order harmonics are contained in V1 and I1 in Equation 1
above.

[Equation 2]

The magnetic field applied to the magnetic filnx
H=cl
The change in the electrical resistance of the magnetic film:
AR, = pH
= flaly)
The electrical resistance across the entire magnetic filnx
Ry = R0+ AR,
= R0 + Bl
The voltage in the longitudinal direction of the magnetic filnx

Vor = Rz = (Rpo + ARy = (Rno + 01112

D18

Vi = V, psinnwr

n

oo

Von .
I = Z; R—lsm(nwt— 6,)
=

Vor = (Rino + a1 12

= Vi Vi
=|Ruo + wﬁz R—Olnsin(nwt -6 Z RL:sinmwt -
n=1

m=1

= Vi = Vi
R0 Z %sinmwt + wﬁz %sin(ﬂwt -6,
mol 2 w1
= Vom .
——sinmwr
Ry

:
)

m=1
Von . f Von . =
— 7+ — 7 —6,)-
R sinjw {wﬁ R sin(rw ) ,;
1

-
=R,

m=1

Vom . = Vo .
——sinmwr + o E —sin(pwt — 0,,) -
Ry ﬁn:l R, i

Yom sinmeowr
Ry
nEm

Von Vi
R—Oln R_Ozn [cos6, — cos(2nwt — 8,)] +

o
Vom .

—— sinmer + wﬁz
Ry =l

Zx v = v,
aff R—Olnsin(nwt -6, ”Zf Ri;nsinmwt} — AC compornent+
n=1 -

nEm
8,
DC compornent | k = R—cosOn
1

n=1

The final equation in Equation 2 is the sum of the AC
component and the DC component of each frequency com-
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ponent. Thus, the power measuring apparatus according to
the present invention is configured such that from a perspec-
tive of the measurement principle, the AC voltage and the DC
voltage are superposed to appear in the output voltage Vmr in
the longitudinal direction of the magnetic film 1a even when
high frequencies are contained in the voltage and the current.
At this time, the DC voltage component of the output voltage
Vmr is a DC voltage or the total sum of a DC voltage propor-
tional to the power consumption by a fundamental and a DC
voltage proportional to the power consumption by harmonics.

Thus, the power measuring apparatus according to the
present invention makes it possible to measure the power
consumption in the load R1 (the effective power including the
power factor) by measuring only the DC voltage across the
magnetic film 1a in the longitudinal direction thereof even
when the power supply contains harmonic components.

With reference to FIG. 3, briefly describing the power
measuring apparatus based on the measurement principle
mentioned above, the apparatus includes: a sensor element 1
with the magnetic film 1a; the measurement resistor R2; and
a voltage detecting unit (not shown in FIG. 3) for measuring
the voltage across the sensor element 1. Furthermore, the
apparatus has a pair of connection ends (10qa, 106) for con-
necting these components to a transport circuit in which
power is measured.

In the power measuring apparatus, signals to be detected
are a DC voltage signal. Thus, it is possible to measure power
consumption by employing a simple device such as a digital
tester (DMM) as the voltage detecting unit. Furthermore, the
DC voltage signal is essentially less susceptible to noises
induced by high frequencies. Thus, it can be said that the
power measuring apparatus is suitable for power measure-
ment in high-frequency circuits. Furthermore, since the
power measuring apparatus detects the voltage across the
magnetic film in the longitudinal direction thereof (in the
direction of current), an elongated magnetic film of a reduced
width provides an increased output voltage (which provides a
higher SNR).

Thus, the power measuring apparatus makes it easy to
arrange a generally linear element in the shape of a line such
as the microstrip line, the strip line, and the cosplanar line
which are often used in the high-frequency circuit. In this
regard, it can also be said that the power measuring apparatus
is suitable for power measurement for high-frequency circuits
in principle.
<Specific Configuration of the Magnetoresistive Type Power
Measuring Apparatus and Measurement Results>

Now, a description will be made to AC power measurement
by the magnetoresistance effect of the magnetic film in the
power measuring apparatus of the present invention. FIG. 4
shows the sensor element 1 to be used for the power measur-
ing apparatus. The sensor element 1 is made up of the mag-
netic film 1a, and sensor terminals 1¢ provided on both the
shorter sides of the magnetic film 1a. Note that this drawing
does not illustrate the sensor terminal 17 on the rear side. It is
also acceptable to include a substrate which may be formed of
an insulating material in order to hold the magnetic film 1a.
FIG. 4 illustrates an integrated three-layer structure in which
an insulating film 2 is interposed between a conductor film 3
equivalent to a connection line for flowing current there-
through to aload and the magnetic film 1a. The insulating film
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2 is an insulating layer that is provided to bring the sensor
element 1 into intimate contact with the connection line.

The magnetic field H is formed by the current 11 flowing
through the conductor film 3. For example, the conductor film
3, the insulating film 2, and the magnetic film 1qa are formed
of copper Cu, polyimide substrate, and permalloy, respec-
tively. Furthermore, referring to FIG. 5 which illustrates a
sectional detailed example of the sensor element 1, the per-
malloy film 1a is formed as a magnetic film on top of a glass
substrate 4 and then the copper film 3s (3sa, 3sb) is formed so
as to connect to both ends of the permalloy film 1a. The
polyimide substrate 2 is formed on top of a surface of the
permalloy film 1a and the copper film 3s, and then the con-
ductor film 3 is formed on top of the surface of the polyimide
substrate 2. The current 12 (see FIG. 3) that is in phase with the
current 11 flowing from left to right through the conductor
film 3 disposed on the upper side flows through the copper
film 3sa. This current flows from the left to right end through
the magnetic film 1a (permalloy) into the copper film 3sb.

The surface of the conductor film 1a toward the polyimide
substrate 2 (the upper surface in the drawing) may be placed
on a line, such as the microstrip line or the coplanar line,
through which a high-frequency current (AC) flows. This
causes the magnetic field H generated by the line to act upon
the magnetic film (equivalent to the magnetic film 1a of FIG.
4), allowing for determining power as electrical output (the
DC power component) by the magnetoresistance effect of the
magnetic film.

FIG. 25(a) is a schematic view identical to FIG. 5, FIG.
25(b) is a schematic view illustrating the power measuring
apparatus used for measuring a microstrip line, and FIG.
25(c) is a schematic view illustrating the power measuring
apparatus used for measuring a coplanar line. Note that in
FIG. 25, the same reference numerals as those of FIG. 5 refer
to the same components. Referring to both FIGS. 25(a) and
(b), the current 11 flows through a strip line 3 and the current
12 flows through the magnetic film 1a. Furthermore, the cen-
ter strip line 3 or a signal line of the microstrip line and the
coplanar line also serves as the conductor film 3 on which the
sensor element 1 of the power measuring apparatus is dis-
posed. That is, the power measuring apparatus can also be
formed integrally with part of the microstrip line or the copla-
nar line.

[Measurement Circuit 1]

FIG. 6(a) illustrates the configuration of the magnetoresis-
tive type power measuring apparatus in conjunction with a
circuit 20 for which power is to be measured. The circuit 20
for which power was to be measured was configured to have
a power supply that was made up of a function generator 22
and an amplifier 24. There is provided a load R1. Note that a
connection line connects between the load and the power
supply. On the connection line, the portion where the sensor
unit of the power measuring apparatus is provided in a pre-
scribed manner was denoted by a connection line Rcu. The
function generator 22 provides a signal, which is then ampli-
fied by the amplifier (DC amplifier) 24, thus serving as an AC
power supply.

The power measuring apparatus 15 includes the sensor
element 1, the measurement resistor 12 (R2), and a voltage
detecting unit 28. Furthermore, the power measuring appara-
tus 15 has a pair of connection ends 10 (10qa, 106) for con-
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necting in parallel to the power supply of the circuit for which
power is to be measured. The connection ends 10 may be
coupled to anywhere in the circuit for which power is to be
measured so long as the connection ends can be connected in
parallel to the load R1 with respect to the power supply.
Between the connection ends, connected in series are the
sensor element 1 including the magnetic film and the mea-
surement resistor 12 (R2). The terminals of the measurement
resistor 12 are denoted by symbol 12a and 124, respectively.

The sensor element 1 has a pair of the sensor terminals 17a
and 1¢b and is provided with the magnetic film 1a formed
between the sensor terminals. FIG. 6(b) is an enlarged view
illustrating the sensor element 1. That is, the sensor terminals
are provided on the respective mutually opposing shorter
sides of the strip-shaped magnetic film. Note that “the sensor
terminal it” will be referred to when describing both the
sensor terminals without a distinction therebetween, while
“the sensor terminal 1¢/a” or “the sensor terminal 175” will be
referred to when describing the sensor terminals separately.
Furthermore, the same notation will be employed for the
terminals of the connection ends 10 and the measurement
resistor 12.

One end 175 of the sensor terminals is connected to one
connection end 1056. The sensor element 1 is disposed on the
connection line of the circuit, for which power is measured, so
that the longitudinal direction of the magnetic film is aligned
in the same direction as that of the current flowing through the
connection line. At this time, there is formed an insulating
layer between the magnetic film of the sensor element 1 and
the connection line. This is done so as not to allow the current
flowing through the connection line to flow into the magnetic
film.

The magnetic film exhibits magnetoresistance effect when
being subjected to the effect of the magnetic field caused by
the current flowing through the connection line. Since the
magnetoresistance eftfect can be thought to be proportional to
the strength of the acting magnetic field, the sensor element is
disposed preferably as close to the connection line as pos-
sible.

The other end 1ta of the sensor element 1 is connected to
one end 125 of the measurement resistor 12. On the other
hand, the other end 12a of the measurement resistor 12 is
connected to the other 10a of the connection ends 10. In this
manner, from the one end 105 to the other end 10a of the
connection ends 10, the sensor element 1 and the measure-
ment resistor 12 are connected in series. Furthermore, the
respective sensor terminals (1¢a, 1¢b) are a measurement ter-
minal 13 (134, 135), so that the voltage between the measure-
ment terminals 13 is measured by the voltage detecting unit
28. Here, since what is measured by the voltage detecting unit
28 and effective as power is the DC voltage, there is coupled
a low-pass filter 26 between the measurement terminals 13.
Note that the low-pass filter can be provided in any electrode
measuring apparatus according to the present invention.

The low-pass filter 26 cuts high-frequency components of
a voltage. The DC component of an output voltage with high
frequencies cut by the low-pass filter 26 is measured by a
digital tester 28 (DMM=digital multimeter). That is, the volt-
age detecting unit 28 is made up of the DMM. Note that it is
needless to say that the voltage detecting unit 28 may detect
voltages by other means than the DMM.

Note that for the magnetoresistive type, the magnetic film
of the sensor element 1 is preferably strip-shaped. This is
because allowing a current to flow in the longitudinal direc-
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tion makes it possible to provide an increased change in
resistance. However, this is not to exclude other shapes such
as square, rhombic, circular, or elliptical shapes or bent
shapes. This is because the magnetic film needs to be consis-
tent with the shape of the connection line for the current
flowing through the load. That is, as used herein, the expres-
sion “strip-shaped” may be construed as the notion that
encompasses the shapes mentioned above.

Furthermore, this specification describes that the sensor
terminals are provided on the respective mutually opposing
shorter sides of the strip-shaped magnetic film. However, any
sensor terminals that are provided in order to allow a current
to flow substantially in the longitudinal direction of the mag-
netic film could be provided anywhere other than the mutu-
ally opposing shorter sides of the strip-shaped magnetic film.
This is because depending on the shape of the connection line
for allowing a current to flow through the load, the sensor
terminals may be provided away from the shorter sides of'the
magnetic film.

Furthermore, as shown in FIG. 2, to achieve a linear oper-
ating point for magnetoresistance effect, a DC bias magnetic
field needs to be applied in a direction perpendicular to the
longitudinal direction of the sensor element. The DC bias
magnetic field is referred to as the operating point adjustment
bias magnetic field, and means for producing the operating
point adjustment bias magnetic field is referred to as the
operating point adjustment bias magnetic field applying
means. The operating point adjustment bias magnetic field
applying means can be formed of a permanent magnet or an
electromagnet or the like.

Note that any power measuring apparatus of the present
invention can be provided with the operating point adjust-
ment bias magnetic field applying means except for the case
where the operating point adjustment bias magnetic field is
not required as for a barber pole magnetic film or a magneti-
zation easy axis tilted magnetic film, to be discussed later.

FIG. 7 illustrates another configuration of the power mea-
suring apparatus 15. Referring to FIG. 7, a signal from a
function generator 32 is supplied to two amplifiers (DC
amplifiers) 34 and 35 so that a change in the offset of the
amplifier 35 (AMP 2) will not affect the output voltage from
the sensor element 1. The amplifier 34 (AMP 1) and the
amplifier 35 (AMP 2) are supplied with in-phase AC outputs.

The current allowed to flow through the power measuring
apparatus 15 of the present invention must be at the same
frequency as that of the current flowing through the circuit for
which power is to be measured. Referring to FIG. 6, this
condition was met because the power measuring apparatus
was connected at the connection ends 10 in parallel to the
circuit for which power is to be measured. However, the
power measuring apparatus may not be coupled to the same
power supply to which the circuit for which power is to be
measured (the transport path) is connected. Even in this case,
the power measuring apparatus itself can have a power supply
so long as a current can be allowed to flow at the same
frequency as that of a current flowing through the transport
path. This power supply may be a voltage source or alterna-
tively a current source.

Note that Equation 3 below shows the reason that a current
in phase with the current flowing through the circuit for which
power is to be measured needs to flow through the magnetic
film in the power measuring apparatus of the present inven-
tion. Equation 3 can be understood from the fact that the
output voltage includes only an AC component if input volt-
ages are not at the same frequency (w1 not equal to w2). Note
that like Equations 1 and 2, Equation 3 is based on the power
measurement principle of FIG. 3.
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[Equation 3]
The magnetic field applied to the magnetic filn:
H=col
The change in the electrical resistance of the magnetic film:

AR,, = BH
= Blaly)

The electrical resistance across the entire magnetic filnx

Ry =Ry + AR,,,
= Ruo + ol

The voltage in the longitudinal direction of the magnetic film:
Vir = Rls = (Rpo + AR = (Ryo + ol
In the case of V) V, are different frequency
Vi = Vo sinw, 7

V, = Vpsinw,r

I —&sin(w 1—6;)
=R 1 1)

I Yoz sinw,?
02 = —— 2
Ry

Vinr = (Rmo + o) 12
\% Ve
= (Rmo + wﬁR—Ollsin(wlt -6 ))Rizzsinwzt

RmoVoz . Vor Voo . .
= Sinof + aff—— ——sin(w, 7 — 6) )sinw, 1
R, R Ry

Rno Ve Vor Voz 1
= ml(;z 02 Sinwsf + wﬁ’R—Oll R_022 zcos((wl — i+ 6))—

Vor Voa 1
wﬁR—OllR—OZZ zcos((wl +wy)t—6p)

= AC compornentonly

Furthermore, in the configuration shown in FIG. 7, it is the
same as that of FIG. 6 that the high-frequency components of
the output voltage from the magnetic film are cut by the
low-pass filter 26 and the DC component of the output voltage
is measured by the digital tester 28.

The power measurement results obtained by the configu-
ration of FIG. 7 are shown in FIG. 8 to FIG. 10. FIGS. 8 and
9 plot the results of measurements of the output voltage from
the sensor element 1 with a supply voltage of an effective
value 2.0 V from an AC power supply of 60 Hz. The mea-
surements were carried out while the load R1 was varied
every 200 seconds from infinity (open) to 10 ohms, 3.9 ohms,
and 2 ohms and then from 2 ohms to 3.9 ohms, 10 ohms, and
infinity (open). The horizontal axis represents the time. How-
ever, it substantially represents the magnitude of the load
resistor. The left vertical axis represents the output voltage
from the digital tester 28, and the right vertical axis represents
the value of the current flowing through the load.

Outputs oscillating in the direction of the vertical axis are
an output voltage, which is denoted by symbol “a”” The lower
the resistance becomes, the more the current flows and the
more the load consumes power. The output voltage “a”
increases or decreases depending on the change in resistance.
Furthermore, the current “b” flowing through the load is
indicated at generally the same position as the output voltage
“a.”” Since the right and left vertical axes are both linear, it can
be seen that the output voltage “a” proportional to the current
flowing through the load (i.e., power consumption) is
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obtained. Note that the resistance values of each resistor are
R1 approximately equal to 150 ohms, Reu<<1, and R2=4.7
kilo ohms, and a low-pass filter 36 has a performance of a 80
dB gain (DC response).

Now, FIG. 9 shows the results of measurements provided
by varying the frequency of the supply voltage. FIG. 9(a)
shows the measurement results obtained by the supply volt-
age ata frequency of 100 Hz, F1G. 9(5) shows those at 200 Hz.
In both the figures, the horizontal axis represents the time
(substantially the resistance value), the left vertical axis rep-
resenting the output voltage, and the right vertical axis rep-
resenting the current flowing through the load, this case being
the same as with FIG. 8. It is understood that at any frequency,
the output voltage varies in response to the power consump-
tion varied in a step-wise manner.

FIG. 10 is a graph representing the relationship between
the power consumption and the output voltage while the
average value of output voltages is calculated over the time
interval of each frequency (i.e., the selected resistance value
of the load). The horizontal axis represents the power con-
sumption, and the vertical axis represents each average value
of output voltages. From this graph, it can be seen that the
output voltage proportional to the power consumption is
obtained with good reproducibility. Note that the output volt-
ages being different at each frequency with power consump-
tion equal to zero [ W] are thought to be due to a measurement-
by-measurement change in the offset of the amplifier 35
(AMP2).
<Power Measuring Apparatus for Every Arbitrary Nth Order
Harmonic (Applicable to the Magnetoresistive Type, the Pla-
nar Hall-Effect Type (PHE Type), and the Hall-Effect Type
Power Measuring Apparatuses)>

As described above, in the power measuring apparatus that
takes advantage of magnetoresistance effect, the AC voltage
component and the DC voltage component are superposed to
be outputted to the sensor element, and of the components, the
DC voltage component is detected by the voltage detecting
unit such as the DMM. On the other hand, the output signal is
detected by the PHE type power measuring apparatus or a
power measuring apparatus employing a thin-film element
such as a power measuring apparatus taking advantage of a
semiconductor thin film (also referred to as the “thin-film
type power measuring apparatus”), and is a DC voltage.

As is obvious from Equation 2 above, it can be seen that
when nth order harmonics are contained in the supply volt-
age, the DC voltage component of the output voltage signal
Vnur is the total sum of the effective power consumptions
(including the power factor) of each of the nth order harmon-
ics. Thus, in the case of the power measuring apparatus of the
present invention, only the DC voltage of the sensor element
has to be measured even for a power supply containing nth
order harmonics in order to enable the measurement of the
total power consumption of each corresponding high fre-
quency. This will be described in more detail below.

FIG. 11 illustrates the measurement circuit that was used
for a demonstration. Note that the same reference numerals
and symbols as those of FIG. 3 denote the same components.
First, an AC power supply V1 is connected to the load resistor
(RLoad=R1), with the result that a current flows there-
through. This current also flows through a conductor film Rcu
that is a connection line. Furthermore, on the side of the
power measuring apparatus, the high-frequency components
of the output voltage from the sensor element 1 (of a resis-
tance of Rmr) are cut off by the low-pass filter 26. Here, those
components equal to or greater than the minimum oscillation
frequency in the power supply V1 are cut off. The output
voltage with the high-frequency components cut off by the
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low-pass filter 26 is measured by the digital tester 28
(DMM=digital multimeter) for the DC component. Further-
more, the sensor element 1 is supplied with a current from a
power supply V2. This allows a current to flow through the
sensor unit at a frequency different from the frequency of a
current flowing through a circuit for which power is to be
measured.

FIG. 12 shows the results of the measurements of the
output voltage by the DMM 28 in the measurement circuit of
FIG. 11. First, in the circuit to be measured, as shown on the
upper left in FIG. 12, the power supply V1 contains a 100 Hz
component and a 200 Hz component, which have an equal
magnitude and are superposed upon each other (represented
by “100 Hz+200 Hz”). That is, FIG. 12 shows an example of
measurement of power consumption using a supply voltage
that contains two frequency components of 100 Hz and 200
Hz.

On the other hand, the load resistor RLoad was switched
over to open (=infinity), 3.9 ohms, and 1.9 ohms at predeter-
mined time intervals. The current determined by the supply
voltage and the load flew through the load Rload. On the other
hand, on the side of the power measuring apparatus, the
signals prepared for the power supply V2 were (1) 100
Hz+200 Hz, (2) 100 Hz, (3) 200 Hz, and (4) 300 Hz, allowing
a current to flow between the sensor terminals (1za, 1z5) of the
sensor element 1.

In FIG. 12, the horizontal axis represents the time, the left
vertical axis represents the detected voltage by the power
measuring apparatus (the measured value by the DMM 28 of
FIG. 11), and the right vertical axis represents the current
flowing through the load. The horizontal axis directly repre-
sents the time, but substantially represents the resistance
value of the load in the circuit for which power is to be
measured because the resistance was switched over in
sequence. Note that the regions with the load being infinity,
3.9 ohms, and 1.9 ohms are denoted by numbers “1,”“2.” and
“3,” respectively, which are each indicated in a square box.
Since the current flowing through the load increases as the
load decreases, power consumption increases. Furthermore,
the line denoted by symbol (5) in FIG. 12 indicates the current
flowing through the load, and the current increases in a step-
wise manner depending on the respective regions.

It can be seen from FIG. 12 that the measured voltage
values (the vertical axis) increase as power consumption
increases across the load resistor RLoad with the current
allowed to flow through the sensor elementat (1) 100 Hz+200
Hz, (2) 100 Hz, and (3) 200 Hz. On the other hand, at (4) 300
Hz, the measured voltage value does not increase. That is, it
can be seen that the 300 Hz component not supplied to the
sensor element as a current and not contained in the (100
Hz+200 Hz) signal component is not detected even when the
current is allowed to flow through the sensor element. It can
be thus seen that the frequency component not available at the
power supply on the side for which power consumption is to
be measured is not outputted as a DC component in the power
measuring apparatus according to the present invention.

It is also seen that the input current to the sensor element
contains generally the same level of noise at (1) 100 Hz+200
Hz and (2) 100 Hz, but a slightly reduced level of noise at (3)
200 Hz and a further reduced level of noise at (4) 300 Hz. It
can be thus seen that the power measuring apparatus is suit-
able all the more for high-frequency power measurement.
Note that offset voltages and the variations thereof are esti-
mated to be affected by the measuring device.

FIG. 13(a) is a graph showing a summary of the measure-
ment results of FIG. 12 or the results provided by the mea-
surement system of FIG. 11. The vertical axis represents the
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output voltage from the power measuring apparatus, and the
horizontal axis represents the time (substantially, the resis-
tance value of the load). Average values were plotted for the
respective time (the resistance value of the load).

FIG. 13(b) shows the amounts of changes in voltage mea-
sured by the power measuring apparatus which were rewrit-
ten with respect to a zero W consumption. The horizontal axis
represents the time (substantially, the resistance value of the
load), and the vertical axis represents the voltage. As can be
seen from FIG. 13(b), the measurement results of the currents
allowed to flow through the sensor element at (2) 100 Hz and
(3) 200 Hz have a good consistency and a good linearity.
Furthermore, it can be seen that the measurement result at (1)
100 Hz+200 Hz and the sum of the measured values at (6) 100
Hz and 200 Hz have a good consistency. This shows that the
power measuring apparatus is capable of measuring power
consumption at all harmonics as well as measuring power
consumption at a given nth order harmonic.

FIG. 14(a) is a graph (the same as FIG. 13(b)) showing a
summary of the measurement results of FIG. 11 and FIG. 12,
and FIG. 14(b) shows the measurement results of FIG. 14(a)
which are rewritten with the power consumption in the load
resistor RLoad represented on the horizontal axis. As can be
seen from FIG. 14(b), all measured values are on a straight
line, so that the measurement results have a good consistency
and a good linearity.

Furthermore, it can be seen from FIG. 14(a) that the mea-
surement result at (1) 100 Hz+200 Hz and the sum of the
measured values at (6) 100 Hz and 200 Hz have a good
consistency. This shows that the power measuring apparatus
is capable of measuring power consumption at all harmonics
as well as measuring power consumption at a given nth order
harmonic.

FIG. 15 illustrates another example of the specific configu-
ration of the power measuring apparatus of the present inven-
tion. Note that in FIG. 15, the voltage detecting unit for
measuring the output from the sensor element was elimi-
nated. In this configuration, n bandpass filters 41 are disposed
in parallel, so that bandpass filter means 40 having a switch 42
for selecting one of the bandpass filters is connected in series
to the sensor element 1 and the measurement resistor 12.
Here, the switch 42 is described as for selecting one bandpass
filter. However, n or less number of bandpass filters may be
selected at the same time.

The power measuring apparatus configured as described
above is capable of detecting a voltage proportional to a given
nth order harmonic using the bandpass filters 41. In the power
measuring apparatus, the magnetic field generated by the
current 11 flowing through the load R1 varies the adjacent
electrical resistor Rmr of the sensor element 1. In this respect,
the power measuring apparatus is the same as a power mea-
suring apparatus incorporating a conventional thin film ele-
ment. However, the power measuring apparatus allows a cur-
rent proportional to a given nth order harmonic voltage
through the bandpass filters 41 from high frequencies con-
tained in the AC power supply to flow into the sensor element
1.

The bandpass filters 41 have a function of passing a
required range of frequencies therethrough but blocking (at-
tenuating) other frequencies. For example, when the band-
pass filters 41 of FIG. 15 pass a current 12 at 120 Hz, the
output voltage Vmr from the sensor element 1 has only a 120
Hz frequency component.

Thus, the output voltage Vmr provided by the power mea-
suring apparatus of FIG. 15 makes it possible to obtain a DC
voltage proportional to the power consumed by the nth order
harmonic voltage selected by the bandpass filters 41. Note
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that the power measuring apparatus taking advantage of the
thin film element is also applicable to (1) the power measur-
ing apparatus that takes advantage of a change in the electrical
resistance of the magnetic thin film caused by magnetoresis-
tance effect and (2) the power measuring apparatus that takes
advantage of a change in the electrical resistance of the mag-
netic thin film caused by the planar Hall effect, which have
been described above, and as well, to (3) the power measuring
apparatus that takes advantage of a change in the electrical
resistance of a semiconductor film caused by the Hall effect.
Note that as for the output voltage, the DC component is
detected as the respective output from (1) the voltage Vmr in
the longitudinal direction with a magnetic film denoted by
symbol 1a; (2) a voltage VPHE in the width direction with the
magnetic film denoted by symbol 1a; and (3) a voltage VHE
in the thickness direction with a semiconductor film denoted
by symbol 1a.

The power measuring apparatus of FIG. 15 is capable of
detecting the power consumption by the harmonic compo-
nents of the power supply. Thus, in areas where leakage of
high-frequency component power frequently causes fires in
electrical appliances, the power measuring apparatus is avail-
able as means for detecting the leakage of high frequencies
for each frequency and issuing an alarm about high-frequency
leakage.

On the other hand, while the aforementioned power mea-
suring apparatus configured as shown in FIG. 15 has the input
voltage at an nth order harmonic, the example of the configu-
ration of the power measuring apparatus of FIG. 15 may also
employ an input voltage at a single frequency. As described
with reference to Equations 1 to 3, the power measuring
apparatus is capable of measuring the power consumption in
the load to be measured, only by the DC voltage component.
Thus, it is possible to separate only the DC voltage compo-
nent by removing the AC voltage component by the bandpass
filter, thereby measuring the power consumption of the load.
Furthermore, the output voltage components of the low-fre-
quency or high-frequency region can be removed by the band-
pass filter, thereby measuring the power consumption of the
required frequency region.
<Method for Stabilizing Output Voltage when Measuring
Direct Current (Magnetic Field) (Applicable to the Magne-
toresistive Type and the Planar Hall Effect Type Power Mea-
suring Apparatuses)>
“Applying the AC Bias Magnetic Field (Improvement in
Reproducibility)”

Now, FIG. 16(a) is a schematic view showing the magnetic
film part (ferromagnet) of the (anisotropic) magnetoresistive
type power measuring apparatus, and FIG. 16(4) is a sche-
matic view showing the magnetic film part (ferromagnet) of
the planar hole type (hereafter referred to as “PHE type”)
power measuring apparatus. The PHE type is configured to
measure a voltage V2 between two sides mutually opposing
in the direction perpendicular to the current allowed to flow
through the magnetic film.

Thus, for the PHE type power measuring apparatus, the
measurement terminals 13 (13q, 135) for taking a voltage are
formed on the sides where no sensor terminals of the sensor
element are formed. In this respect, the PHE type power
measuring apparatus is different from the magnetoresistive
type power measuring apparatus (FIG. 16(a)), with the other
components being the same as those of the power measuring
apparatus described in relation to FIGS. 6 and 7. Here, it was
shown that when measuring DC power using the sensor ele-
ment of both the power measuring apparatuses of FIGS. 16(a)
and (b), the DC output voltages of outputs V1 and V2 were
typically unstable (drifted).

25

30

40

45

55

20

FIG. 17 shows the measurement results of the output volt-
age V2 for the current 11 when measuring only the DC mag-
netic field H (without applying an AC bias magnetic field) by
the PHE type power measuring apparatus with the measure-
ment terminals formed as in FIG. 16(b). Here, only a direct
current is allowed to flow through the load. Note that the
experiment conditions for FIG. 17 are as follows.

Magnetic element used: Circular element 10 mm in diam-
eter

DC applied magnetic field: -2 A (-100 A/m) to 2 A (100
A/m)

Measurement: Period was 120 sec, for this one, 300 prot/
600 sec

Furthermore, since no AC component exists when only the
direct current flows through the load, the power measuring
apparatus does not require the low-pass filter 26 (see FIG. 6).
That is, for the power measuring apparatus of the present
invention, no low-pass filter may be connected to the voltage
detecting unit 28 in some cases.

In FIG. 17, the horizontal axis represents the current flow-
ing through the load, and the vertical axis represents the
detected voltage. Since the PHE type element provides the
output voltage property of an odd function for a magnetic
field acting thereon, the element exhibits the property of an
output voltage that decreases rightward from the zero current
point. Measurements were repeated several times. However,
the results varied as shown in FIG. 17. It can be seen from
FIG. 17 that the reproducibility of the output voltage deterio-
rates due to the drift when power measurement is carried out
with the action of only a DC magnetic field by the load current
(direct current) flowing through a primary conductor.

In contrast to this, FIGS. 18 to 19 show the measurement
results of the output voltage V2 for the load current I1 when
an AC bias magnetic field is applied in parallel to the DC
magnetic field to be measured in order to measure the DC
magnetic field H by the PHE type power measuring appara-
tus. In each case, measurements were repeated in the same
manner several times. The experiment conditions for FIGS.
18 to 19 were the same as those for FIG. 17 except that the
extra AC bias magnetic field was applied. Note that the AC
bias magnetic field was generated in combination with an
oscillator and an amplifier. Here, the means for applying the
AC bias magnetic field in parallel to a magnetic field being
detected is referred to as the AC bias magnetic field applying
means.

On the other hand, the applied AC bias magnetic field was
-0.1A (5 A/m)at 50 Hz for FIG. 18(a); -0.2 A (10 A/m) at 50
Hz for FIG. 18(b); -0.3 A (15 A/m) at 50 Hz for FIG. 18(c);
-0.4 A (20 A/m) at 50 Hz for FI1G. 19(d); and -0.5 A (25 A/m)
at 50 Hz for FI1G. 18(e).

It can be seen from the measurement results of FIG. 18 and
FIG. 19 that a good reproducibility of the output voltage is
provided when the AC bias magnetic field is 5 A/m, 10 A/m,
and 15 A/m as compared with the case of no AC bias magnetic
field (see FIG. 17). Onthe other hand, it can be seen that as the
AC bias magnetic field is increased to 20 A/m and 25 A/m, the
AC bias magnetic field increases relative to the DC magnetic
field being measured, causing a worse reproducibility of the
output voltage (FIG. 19). Thus, it was found that the repro-
ducibility of the output voltage was improved by an AC bias
magnetic field which slightly oscillates the magnetization of
the magnetic film.

This phenomenon relates to the behavior of magnetization
of'the magnetic film, and is effective at stabilizing the output
so long as the magnetic film is used for the sensor element.
That is, while the PHE type power measuring apparatus was
described in the aforementioned explanation, the AC bias
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magnetic field applying means which applies an AC bias
magnetic field in parallel to a DC magnetic field being mea-
sured is also effective even for the magnetoresistive type
power measuring apparatus for measuring a voltage in the
same direction as that of the current allowed to flow through
the magnetic film.

[Applying a Square-Wave AC Bias Magnetic Field (Improve-
ment in Stability)]

Now, the measurement results obtained when the AC bias
magnetic field was applied to the magnetic film in order to
measure power consumption with a square wave current
allowed to flow through a load. FIGS. 20 to 21(a) show the
output voltages obtained when a DC magnetic field (see FIG.
16) acted upon the magnetic film of the sensor element by
allowing a square wave current of =2 A (=100 A/m) and 2 A
(-100 A/m) to flow through a conductor film Cu (primary
conductor) for periods of 120 [sec]. FIG. 20 shows the case
with no AC bias magnetic field being applied, and FIG. 21
shows the case where the AC bias magnetic field (-0.3 A (15
A/m), 50 Hz) was applied (added) to the magnetic film in
parallel to the magnetic field generated by the conductor film
Cu. Note that measurements were performed 240 prot at
intervals of 240 [sec] (2 periods). In the graph, the horizontal
axis represents the time, and the vertical axis represents the
input (DC applied magnetic field) and the output voltage.

Furthermore, (b) in FIGS. 20 and 21 is an enlarged view of
a circled portion in (a). As can be seen clearly from these
figures, applying the AC bias magnetic field causes the “varia-
tion (variance)” of the output voltage to be reduced. Specific
variance values of the output voltage are shown in Table 1
with and without the AC bias magnetic field being applied. It
can be seen from this table that the AC bias magnetic field has
improved the stability of the output about 1.5 times.

TABLE 1
Number of samples Variance
No bias magnetic field 58 2.2773E-13
0.3 A, 50 Hz Bias magnetic field 58 1.5304E-13

“Applying the DC Bias Magnetic Field (Increase in Sensitiv-
ity)”

In relation to FIGS. 17 to 21, a description has been made
to the effects of applying the AC bias magnetic field when
measuring the DC magnetic field. Here, a description will be
made to the effects of employing the DC bias magnetic field.
As used herein, the phrase, “the DC bias magnetic field”
refers to a DC magnetic field being applied in parallel to the
magnetization easy axis of the magnetic film.

FIG. 22 shows the output voltages provided when the DC
bias magnetic field is not applied (when only the DC magnetic
field H is applied to the magnetic film in the PHE type power
measuring apparatus) and when the DC bias magnetic field is
applied. Note that for the measurements made when the DC
bias magnetic field was applied, the results shown were
obtained using DC bias magnetic fields of different magni-
tudes.

More specifically, the measurement results shown were
obtained:

(1) when the DC bias magnetic field was not applied; (2)
when a DC bias magnetic field of 80 A/m was applied, (3)
when a DC bias magnetic field of 240 A/m was applied, (4)
when a DC bias magnetic field of 480 A/m was applied, (5)
when a DC bias magnetic field of 800 A/m was applied, and
(6) when a DC bias magnetic field of 1200 A/m was applied.
The direct current allowed to flow through the magnetic film
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was 10 mA. Note that the DC bias magnetic field is adjusted
by adjusting the distance to a permanent magnet.

In FIG. 22, the horizontal axis represents the magnitude of
the DC magnetic field generated by the direct current allowed
to flow through a load, and the vertical axis represents the
output from the power measuring apparatus. It can be seen
from this figure that as the DC bias magnetic field increases,
the output potential difference increases. It can also be said
that the DC bias magnetic field is capable of improving the
sensitivity of the power measuring apparatus.

The power measuring apparatus of the present invention
can have the DC bias magnetic field applying means that
applies the DC bias magnetic field to the sensor element 1 in
the direction of the magnetization easy axis of the magnetic
film. The direction of the magnetization easy axis of the
magnetic film is often induced in the longitudinal direction of
the magnetic film. In that case, the DC bias magnetic field
applying means applies a magnetic field in a direction parallel
to the longitudinal direction of the magnetic film of the sensor
element. Furthermore, the DC bias magnetic field applying
means is also applicable to the sensor element, the magnetic
film of which is made of the barber pole magnetic film, the
magnetization easy axis tilted magnetic film, or the zigzag
magnetic film, or a combination thereof, to be discussed later.

As a matter of course, the longitudinal direction of the
magnetic film may not be consistent with the magnetization
easy axis in some cases as discussed later. In those cases, the
DC bias magnetic field is applied in a direction apparently
different from the longitudinal direction of the magnetic film
(in the direction of the magnetization easy axis). Specific
means for applying the DC bias magnetic field may be
thought to be a permanent magnet or an electromagnet for
generating a magnetic field.
<Example of Method for DC Measurement by the Magne-
toresistive Type Power Measuring Apparatus (Application to
Power Measurement of Batteries or the Like)>

In the magnetoresistive type power measuring apparatus,
there appears a high DC offset voltage when a DC power
supply is connected to a load. Thus, one magnetic film 1a is
not enough to measure DC power. However, as shown in FIG.
23, two magnetic films 1a and 1p may be connected in series
with the connection point grounded, thereby cancelling out
the offset voltages that occur in each magnetic film. Here, the
sensor terminals 17 (1¢a, 1¢b) are located on both ends of the
magnetic film 1a and the magnetic film 1p. Furthermore, the
sensor terminals 17 also serve as the measurement terminals
13 (134, 13b), to which the voltage detection means 28 is
connected. Note that in FIG. 23, the amplifier is representa-
tive of the voltage detection means 28.

That is, the sensor element 1 is configured such that the
magnetic film 1a and the magnetic film 16 are connected in
series; the connection point thereof is provided with a center
tap electrode 1m for grounding; and the center terminals 17a
and 1¢b are provided on both ends of the magnetic films 1a
and 1p with the center tap electrode 1m disposed therebe-
tween. Thus, in such a sensor element 1, there appears no
offset voltage in the output voltage Vmr between both ends of
each ofthe magnetic films 1a and 1p. Thus, such a connection
method for the magnetic films can solve a drawback of the
magnetoresistive type power measuring apparatus or the
problem of being incapable of measuring DC power. Note
that to stabilize the output, the AC bias magnetic field apply-
ing means may also be used in combination. An AC bias
provided by the AC bias magnetic field applying means is
denoted by Hbac. On the other hand, the two magnetic films
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were combined as one sensor element here. However, two
sensor elements may be connected in series with the connec-
tion point grounded.

FIG. 24 shows an application of the power measuring
apparatus of FIG. 23 to a secondary battery, in the case of
which additionally provided are a rectifier circuit 37, a
charger 38, and a switch 39 in addition to the sensor element
1, the measurement resistor 12, and the voltage detection
means 28 of FIG. 24. The rectifier circuit 37 serves to convert
an alternating current into a direct current, and the bridge
circuit is a simplified structural example. Furthermore, the
charger 38 charges alternating current, and although notillus-
trated, the charger 38 is connected with an external power
supply (AC).

First, when the switch 39 is connected to the load R1, as
described in relation to FIG. 23, it is possible to detect the
power consumption of the battery that is a DC power supply.
On the other hand, when the switch 39 is connected to the
charger 38, it is possible to detect the power to be charged to
the charger 38.

Thus, for the secondary battery constructed as in FIG. 24,
it is possible to monitor the amounts of power (the amount of
discharge and the amount of charge) to be transferred when
power is supplied by the battery to the load R1 and when
power is charged from an external power supply to the battery.

Note that other than the configurations of FIG. 23 and FIG.
24, methods for cancelling out the DC bias voltage (offset
voltage) that appears in the DC measurement by the magne-
toresistive type power measuring apparatus may also con-
ceivably include one in which a voltage equivalent to the DC
bias voltage is produced by a dummy resistor.
<The Barber Pole Type Magnetoresistive Type Power Mea-
suring Apparatus>

Now, a description will be made to the barber pole magne-
toresistive type power measuring apparatus. This power mea-
suring apparatus is a modified example of the magnetoresis-
tive type power measuring apparatus described above.

FIG. 26 shows the magnetic film of the sensor element in
the barber pole type magnetoresistive type power measuring
apparatus. FIG. 27 shows diagonal conductor films 1¢ and
electrodes (hereafter referred to as the barber pole electrodes)
which are provided on the surface of the magnetic film. Fur-
thermore, the integrated magnetic film of the magnetic films
and the diagonal conductors (the barber pole electrodes)
formed on top thereof is referred to as “the barber pole mag-
netic film 1bbp.” FIG. 26(a) is an image view showing the
direction of current and the direction of magnetization when
the barber pole magnetic film 1b5p is viewed from above, and
FIG. 26(b) is a photo showing the barber pole magnetic film
1bbp when being taken from above in the same manner as
with (a). Note that the magnetic field H generated by the
current flowing through the load is assumed to be directed
from bottom toward top in the figure.

Furthermore, FIG. 27 is a view illustrating the diagonal
conductors 1c and the electrodes which are provided on the
surface of the magnetic film 1a, (a) is an entire view, and (b)
is an enlarged view of the circled portion in (a). A plurality of
diagonal conductors 1c¢ are disposed in the longitudinal direc-
tion of the magnetic film 1a.

Furthermore, in FIG. 27, the directions of inclination are
changed between right and left from the center. That is,
assuming that the right diagonal conductors are included in a
first group, while the left diagonal conductors are included in
a second group, the respective directions of inclination are
opposite to each other.

The center tap electrode 1m formed between the first group
and the second group of the diagonal conductors (on the
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boundary therebetween). That is, two barber pole magnetic
films 1bbp are connected in series into one sensor element,
which allows the center tap electrode 1m to be grounded when
used. Furthermore, there are formed sensor terminals 10 (10a,
105) on both ends of the diagonal conductors. This is to allow
a current to flow through the magnetic films 1c. As described
above, the sensor terminals 10 may be formed away from both
ends of the magnetic films 1¢. Furthermore, the measurement
terminals 13 are also formed from the same locations as those
of the sensor terminals 10. Note that it is also acceptable to
connect in series two magnetic films to which electrically
conductive films having the same direction of inclination are
applied and provide the center tap electrode therebetween.
Such a sensor element can cancel out the offset voltage of
each magnetic film.

The specific prototype example of FIG. 26(5) employs, as
the magnetic film, a permalloy (NiFe) film which is 30 mm in
length, 1 mm in width, and about 0.1 pum in thickness. As
shown in FIGS. 26 to 27, the barber pole magnetic film 155p
is provided with the conductor films 1¢ diagonal in the width
direction of the magnetic film (in the vertical direction in the
drawing) and is formed of copper (Cu). The conductor film 1¢
is 0.5 mm in width, 3 mm in length, 0.1 pm in thickness, and
1 mm in the interval between the conductor films (see FIG.
27).

To employ the sensor element 1 shown in FIG. 26 and FIG.
27 as part of the power measuring apparatus, it is necessary to
allow a current to flow through the magnetic film 1a. At this
time, it is possible to control the direction of a current flowing
through the magnetic film by providing the conductor films
1c. That is, since current has the property of flowing through
apath ofless electrical resistance, the current flowing through
the magnetic film travels the shortest distance between the
conductor films 1¢, with the result that the current is allowed
to flow diagonally relative to the longitudinal direction of the
magnetic film (see FIG. 26(a)).

More specifically, first, the electrical resistance of the con-
ductor films (Cu films) 1c is approximately one tenth the
electrical resistance of the magnetic film (permalloy film) 1a.
Thus, the current experiences less electrical resistance when
flowing through the shorter distance between the conductor
films and through the conductor films 1c¢ rather than advanc-
ing straight in the longitudinal direction of the magnetic film
1a. Since the magnetic film has the direction of magnetization
(the direction of easy magnetization) pre-induced in the lon-
gitudinal direction by shape anisotropy and induced anisot-
ropy, the current will flow through the magnetic film between
the diagonal conductors 1¢ at an angle to the direction of
magnetization.

Thus, as shown in FIG. 28(5), the magnetoresistive char-
acteristic of the barber pole magnetic film 16bp exhibits the
characteristics that would be made available when the mag-
netic field—resistance characteristics by typical magnetore-
sistance effect is biased by a bias magnetic field. That is, it is
possible to set the operating point at which a linear charac-
teristic can be obtained from magnetoresistance effect to the
point at which acting magnetic field is zero with no bias
magnetic field.

FIG. 28 shows the relationship between the voltage V1 in
the longitudinal direction and the magnetic field H. FIG.
28(a) shows typical magnetoresistance effect. The output
voltage V1 versus the magnetic field H forms an even func-
tion. Thus, it is necessary to provide a bias magnetic field in
order to obtain a linear characteristic. On the other hand, FIG.
28(b) shows the magnetoresistance effect of the barber pole
magnetic film and that the bias magnetic field is not required.
Thus, the power measuring apparatus having the sensor ele-
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ment with the barber pole magnetic film requires no DC bias
magnetic field perpendicular to the longitudinal direction of
the sensor element. Furthermore, such a power measuring
apparatus can be constructed in the same manner as the power
measuring apparatus described above.

<The Differential Barber Pole Magnetoresistive Type Power
Measuring Apparatus>

FIG. 29 shows the sensor element of a differential barber
pole magnetoresistive type power measuring apparatus, (a) is
a photo taken from above and (4) is a schematic view illus-
trating the sensor element used for measuring a microstrip
line. It is seen from FIG. 29(a) that a barber pole having
inclinations different between right and left is made on top of
the magnetic film. Note that FIG. 29(5) is different from FIG.
25(b) in the number of electrodes. FIG. 29(5) shows a sensor
element of a type having a center tap electrode.

FIG. 30 shows how the electrical resistance of the magnetic
film varies by typical magnetoresistance effect. FIG. 30(a)
shows a strip-shaped magnetic film 1a and a magnetic field H
generated by the current flowing through the load. FIG. 30(6)
shows the relationship between the voltage between both the
ends (the vertical axis) when a current flows through the
strip-shaped magnetic film in the longitudinal direction and
the magnetic field H (the horizontal axis). The voltage V, ;- on
the vertical axis is proportional to a resistance R. It has
already been mentioned that this output voltage characteristic
exhibits an even function about the point of zero magnetic
field H.

On the other hand, referring to FIG. 31(a), the magnetore-
sistance effect of the differential type barber pole magnetic
film 1bbp of barber pole patterns of different inclinations
exhibits the characteristics that would be made available
when bias magnetic fields that are different, i.e., positive and
negative depending on the direction of inclination of the
diagonal conductors are applied. As shown in FIG. 31, the
barber pole magnetic film 1bbp a on the left exhibits a char-
acteristic B of being negative biased by an external applied
magnetic field and the barber pole magnetic film 156pp on the
right exhibits a characteristic A of being positive biased.

These different barber pole magnetic films 1bbp a and
1bbpp may be connected in series and subjected to a magnetic
field in the same direction, e.g., from left to right. In this case,
the resistance of each barber pole magnetic film will vary in
such a manner as to decrease in one film, but increase in the
other. A differential output thereof would make it possible to
take only changes with the zero magnetic field point
employed as the operating point, as shown in FIG. 31(5). This
is called the differential type barber pole magnetic film.

Furthermore, to employ a typical magnetoresistive mag-
netic film 1a, is necessary to apply a large bias magnetic field
as shown in FIG. 30 so as to set the operating point to a point
of good linearity. However, as shown in FIG. 31, the differ-
ential type barber pole magnetic film can be employed to
move the operating point to a zero magnetic field. It is also
possible to enhance a change in electrical resistance caused
by the magnetic field to twice. It is also possible to obtain an
output voltage with no bias magnetic field.

FIG. 32 shows the configuration of the differential type
barber pole magnetoresistive type power measuring appara-
tus which incorporates the differential type barber pole mag-
netic film as the sensor element. The power supply supplies a
current to the load R1. There is provided a connection line for
connecting between the load and the power supply. The sen-
sor element 1 is disposed on part of the connection line in such
a manner that the longitudinal direction of the magnetic film
is consistent with the direction of the connection line. FIG. 32
shows that the current flowing into the load R1 flows down-
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wardly through the sensor element 1. The connection ends
10a and 105 are coupled to the circuit formed of the power
supply and the load so as to be in parallel to the load R1.

The connection end 104 is connected with one end 12a of
the measurement resistor 12. The other end 125 is connected
to the sensor terminal 1¢ta. The sensor terminal 1¢b is con-
nected to the connection end 105. The sensor terminals 1ta
and 175 are connected to each other at a point with a resistor
therebetween. This point is a measurement terminal 13a. On
the other hand, the center tap electrode 1m is grounded and
serves also as the measurement terminal 1354. The voltage
detecting unit 28 detects the potential difference between the
measurement terminals 13q and 135.

Although FIG. 32 shows, as the voltage detecting unit 28,
the operational amplifier to be provided with negative feed-
back. However, any means other than this may also be
employed. With the terminal B of FIG. 32 (the center tap
electrode) grounded, electrical signals from the terminal A
(the sensor terminal 1¢a) and terminal C (the sensor terminal
1¢b) are summed in the operational amplifier, thereby making
it possible to obtain an electrical signal which outputs only a
change in magnetic field without any bias voltage.

FIG. 33 shows the measurement system for an experiment
which was conducted to check the operation of the sensor
element that incorporates the differential type barber pole
magnetic film. The magnetic field applied to the differential
type barber pole magnetic film was produced by a Helmholtz
coil. Furthermore, the current allowed to flow through the
magnetic film was supplied by the constant-current source.
Note that the values of all the resistors of the amplifier are 2
kilo ohms and the amplification gain is one.

Measured next was the output characteristics of the power
measuring apparatus with the barber pole magnetic film in the
presence of a uniform external magnetic field. FIG. 34 shows
the output characteristics between the terminals A and B of
the measurement system shown in FIG. 33; FIG. 35 shows the
output characteristics between terminals C and B of the mea-
surement system; and FIG. 36(c¢) shows the output voltage of
the operational amplifier of the measurement system.

Note that the output characteristics between the terminals
A and B shown in FIG. 34 are such that the output offset
between A and B is 742 [mV], the change in output between
A and B is 4 [mV], the rate of change in output between A and
B is 0.42 [%], and the rate of change in resistance is 0.0031/
0.7420%100=0.42 [%].

Furthermore, the output characteristics between terminals
C and B shown in FIG. 35 are such that the output offset
between C and B is 743 [mV], the change in output between
C and B is 2.6 [mV], the rate of change in output between C
and B is 0.35 [%], and the rate of change in resistance is
0.0026/0.7430%100=0.35 [%].

Furthermore, the output characteristics shown in FIG.
36(c) of the operational amplifier of FIG. 33 are such that the
output offset between A and C is 1.46 [mV], the change in
output between A and C is 0.11 [mV], the rate of change in
output between A and C is 7.5 [%], and the rate of change in
resistance is 0.00011/0.00146*100=7.5 [%].

FIG. 34 and F1G. 35 show a significant change in resistance
with the magnetic field. In FIG. 36(c) as compared with FIG.
34 and FIG. 35, it is seen that the bias voltage was signifi-
cantly reduced. On the other hand, the magnetic field caused
an insignificant change in output voltage. Thus, it is thought
that the direction of magnetization and the magnetic domain
structure in the magnetic film 1c¢ are not in a multi-magnetic
domain state but in a single magnetic domain state with
uniaxial anisotropy.
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TABLE 2
Between

Between  Between — Average AandC Differential/

AandB CandB c) d) Average

(a) (b) ((a) + (b))2  (Differential) d)(c)
Output offset 742 [mv] 743 [mv] 742.5 [mv] 1.5 [mv] 0.20[%]
Change in output 4 [mv] 2.6 [mv] 33 [mv] 0.11 [mv] 3.3[%]
Rate of change in 042 [%] 0.35[%] 0.385[%] 7.5 [%] 1950[%]

output (Change/Offset)

Table 2 shows the results of improvements in the output by
the differential type barber pole magnetic thin film. The sig-
nificant reductions in the change in output and the rate of
change in output are estimated to be caused by the fact that the
magnetization of the film is not sufficiently aligned in the
longitudinal direction of the element. However, it is seen that
an abrupt reduction in the offset voltage led to a sharp
improvement in the rate of change in resistance and that the
differential connection of the barber pole magnetic film
resulted in a great improvement in the performance of the
device. The reduction in the offset voltage led to a very
advantageous result, enabling an amplifier circuit connected
to the element to have an enhanced amplification factor.

Now, FIG. 37 is a schematic view illustrating a measure-
ment system employed to apply a DC bias magnetic field in
parallel to the longitudinal direction of the magnetic film.
This is to apply the DC bias magnetic field to the magnetic
film of the sensor element of the power measuring apparatus
in the longitudinal direction of the sensor element. Here, the
differential type barber pole magnetic film is shown, but any
other type than the differential type may also be acceptable. In
the power measuring apparatus, this is achieved by the DC
bias magnetic field applying means. As previously stated,
studies were conducted on the changes in characteristics of
the element (device) by forcedly aligning the directions of
magnetization in one direction.

The output characteristics of the measurement system of
FIG. 37 are shown in FIGS. 38 to 40. FIG. 38 shows the output
characteristics when a bias magnetic field was applied, in the
longitudinal direction of the magnetic film, to the sensor
element (differential connection) incorporating a magnetic
film prepared without the barber pole. The horizontal axis
represents the externally applied magnetic field, and the ver-
tical axis represents the output voltage. The change in resis-
tance with no barber pole and with a bias magnetic field was
very small, and the rate of change in resistance was as very
small as 0.00022%.

FIG. 39 shows the output characteristics of the element
with the barber pole and with no bias magnetic field in the
longitudinal direction of the magnetic film, that is, the output
characteristics with no DC bias magnetic field applied in the
longitudinal direction of the barber pole magnetic film.

FIG. 40 shows the output characteristics of the element
with the barber pole and with the bias magnetic field in the
longitudinal direction of the magnetic film, that is, the output
characteristics with the DC bias magnetic field applied in the
longitudinal direction of the barber pole magnetic film 1. It is
seen that the output characteristics significantly change
depending on whether the DC bias magnetic field is applied in
the longitudinal direction of the sensor element.

This can be estimated to be caused by an insufficient
strength of the anisotropy of the magnetic film. It is estimated
to be caused by the fact that the DC bias magnetic field in the
longitudinal direction of the sensor element for complement-
ing the strength of anisotropy causes the magnetization to be
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strongly aligned in the direction of the magnetic field, form-
ing a distinct angle between the magnetization and the cur-
rent. It can be said that the DC bias magnetic field was very
effective because the rate of change in resistance was 0.6%
with no DC bias magnetic field, but 3.3% or greater with the
DC bias magnetic field.

FIG. 41 shows a measurement system as a power meter to
measure the characteristics when a load current (I1) is
allowed to flow through the conductor film. For typical power
measurement, measurements are often made by allowing a
current (12) proportional to the magnitude of a load voltage to
flow through the magnetic film. However, here, the charac-
teristics were evaluated by making it possible to set the 11 and
12 individually. That is, it is possible to connect a constant-
current power supply between the sensor terminals and allow
a desired current to flow irrespective of the current flowing
through the load.

FIG. 42 shows the output characteristics obtained when the
load current (I11) is allowed to flow through the conductor film
with no DC bias magnetic field applied. In this measurement,
the direct current (12) allowed to flow through the magnetic
film was 2 mA. Furthermore, the load current (I1) was set
using the DC power supply connected to the load resistor.
While the load current was increased from 0 [A] to 1 [A] in
increments of 0.2 [A] and thereafter, decreased in decrements
of 0.2 [A], the measurements were conducted for 50 [s] at
each step. Thus, in FIG. 42, the horizontal axis represents the
time, but substantially represents the load current.

It is seen that the output increases as the load current (I1)
increases. However, it cannot be said that the change in the
power sensor output clearly reflects the change in the load
current. It is thought to be partly due to the fact that the
direction of magnetization of the magnetic film is not dis-
placed in proportion to the magnetic field being applied.

FIG. 43 shows the changes in output caused by applying a
magnetic field (the DC bias magnetic field) in the longitudinal
direction of the magnetic film. The horizontal axis represents
the strength of the magnetic field acting upon the magnetic
film, and the vertical axis represents the output voltage. With
no bias magnetic field, the relationship between the strength
of anisotropy and the direction of magnetization of the mag-
netic film does not uniquely determine the output as the power
meter, so that no power meter can be made available. At the
magnitudes ofthe DC bias magnetic field of 10 Oe and 40 Oe,
a good linearity and a good sensitivity could be obtained over
a wide range. However, degradation in sensitivity is found
clearly at a DC bias magnetic field of 100 Oe.

However, at 100 Oe, when compared with 10 Oe and 40
Oe, an extended linear region is found. It is clear that up to a
certain magnitude, the DC bias magnetic field can adjust the
magnetic domain structure of the film and provide a high
sensitivity and a good linearity. However, a high bias mag-
netic field can cause degradation in sensitivity.

It can be said that the application of the DC bias magnetic
field that is slightly above the coercivity of the magnetic film
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provides an effect of significantly improving the sensitivity as
the power meter, and that the application of the magnetic field
greater than the anisotropic magnetic field will reduce the
sensitivity, but has an effect of providing an enhanced range
of operation as the power meter. It can be said that a measur-
able current (power) can be set by varying the magnitude of
the magnetic field to be applied. However, the sensitivity will
be reduced.

FIG. 44 shows the measurement system when the DC bias
magnetic field was applied. Here, the DC bias magnetic field
was applied using permanent magnets. The magnitude of the
magnetic field was set by adjusting the distance between the
magnets.

Furthermore, FIG. 45 shows the output characteristics of
the magnetoresistive type power measuring apparatus when
the DC bias magnetic field was applied. The magnitude of the
DC bias magnetic field was 40 Oe. The other measurement
conditions were the same as those of FIG. 42. It is clear from
FIG. 45 that the application of the DC bias magnetic field
enhances the trackability of the output voltage to the change
in current.

Furthermore, although there arose slight errors, it is
thought that significant improvements can be expected by the
improvement in the film characteristics, the use of the afore-
mentioned bandpass filter, and the application of an AC bias
as illustrated in FIGS. 16 to 21. Furthermore, it is thought that
the apparatus will operate for AC power measurement with no
problem.

It can be concluded from the results described above that
the barber pole type magnetic film power measuring appara-
tus and the differential type barber pole magnetic film power
measuring apparatus are best applicable to smart grids and
smart batteries and advantageously employed to avoid power
shortage or the like. Note that even when the sensor element
with the barber pole type magnetic film is employed, the
application of an AC bias magnetic field in a direction per-
pendicular to the current flowing through the sensor element
would provide an effect of stabilizing the output, as shown in
FIGS. 17 and 18. That is, even the sensor element with the
barber pole type magnetic film could constitute the power
measuring apparatus in conjunction with the AC bias mag-
netic field applying means.

Furthermore, it is possible to employ, as shown in FIG. 23,
the sensor element in which the two barber pole type mag-
netic films with the diagonal electrical conductors tilted in the
same direction are connected in series and the center tap
electrode is provided at the connection point. Such a configu-
ration makes it possible to cancel offsets that occur in each of
the barber pole type magnetic film parts.

It was shown in FIG. 28 that the use of the barber pole type
magnetic thin film leads to an operation that would be avail-
able in the presence of a bias magnetic field. This is thought to
be because even when no external magnetic field was applied,
the direction of the current flowing through the magnetic film
was controlled to be different from the magnetization easy
axis induced in the longitudinal direction. That is, even in the
absence of the external magnetic field, it is possible to obtain
the same characteristics as those shown in FIG. 28 if the
magnetization easy axis and the direction in which the current
flows are different from each other.

FIG. 46(a) shows the sensor element 1 with a magnetic film
having the magnetization easy axis tilted relative to the lon-
gitudinal direction of the strip shape. The sensor element is
strip-shaped with the sensor terminals are provided on the
shorter sides of the strip shape. On the other hand, the mag-
netization easy axis is induced by being tilted relative to the
longitudinal direction of the magnetic film. Such a magneti-
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zation easy axis tilted magnetic film also exhibits the same
characteristics as those of the barber pole type magnetic film
as shown in FIG. 28.

Thus, the power measuring apparatus with the sensor ele-
ment having the magnetization easy axis tilted magnetic film
does not require the DC bias magnetic field in a direction
perpendicular to the longitudinal direction of the sensor ele-
ment. Furthermore, such a power measuring apparatus can be
constructed in the same manner as the power measuring appa-
ratus described above.

Furthermore, FIG. 46(b) shows the sensor element with
two magnetization easy axis tilted magnetic films connected
in series. The two magnetization easy axis tilted magnetic
films connected in series and disposed in a straight line have
different directions of inclination of the magnetization easy
axes relative to the longitudinal direction. In such a sensor
element, the operation characteristics of the magnetization
easy axis tilted magnetic films are shifted from each other in
the same manner as in FIG. 31. Thus, when a magnetic field
is applied to such a sensor element in the sideward direction,
it is possible to obtain the same effects as those of FIG. 31.

Furthermore, when the DC bias magnetic field is applied in
the longitudinal direction of the magnetic film, it is possible to
obtain the same effects as those of the sensor element with the
barber pole type magnetic film. Furthermore, when the AC
bias magnetic field is applied in the same direction as that of
the magnetic field produced by the current flowing through
the load, there is also available an effect of stabilizing the
output as shown in FIGS. 17 and 18. That is, even when the
sensor element with the magnetization easy axis tilted mag-
netic film is employed, it is possible to constitute the power
measuring apparatus in conjunction with the DC bias mag-
netic field applying means or the AC bias magnetic field
applying means.

It is also possible to use, as shown in FIG. 23, the sensor
element in which two magnetization easy axis tilted magnetic
films with the magnetization easy axes tilted in the same
direction are connected in series and the center tap electrode
is provided at the connection point. Such a configuration
makes it possible to cancel offsets that occur in each of the
magnetization easy axis tilted magnetic films.
<Power Measurement Circuit 3 and Measurement Results
Provided Thereby>

Here, an actual power measurement circuit of the magne-
toresistive type power measuring apparatus will be shown
again.

A description will be made with reference to FIG. 7. As
described above, in FIG. 7, a signal from the function gen-
erator 32 is supplied to the two amplifiers (DC amplifier) 34
and then amplified, thereby employing the resulting signal as
an AC power supply. The high-frequency components of the
output voltage from the sensor element 1 are cut in the low-
pass filter 26. The DC components of the output voltage with
the high-frequency components cut in the low-pass filter 26
are measured by the digital tester 28 (DMM).

This circuit is constructed such that the change in offset of
the amplifier 34 (AMP1) will not affect the output voltage
from the sensor element 1. The amplifier 34 (AMP1) and the
amplifier 35 (AMP2) have the same amplification factor and
deliver AC outputs at the same frequency. This is because if
the input voltages are not at the same frequency, the output
voltages have only an AC component.

In other words, the power measurement shown in FIG. 7
has the problem that it is difficult to carry out an accurate
measurement because the low-pass filter 26 or the DMM 28
(see the image view of FIG. 47(b)) are used to measure a
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slight DC component of the output voltage (see the image
view of FIG. 47(a)) that is superposed on an AC component.

FIG. 48 shows part of the structure according to another
embodiment of the power measuring apparatus of the present
invention. This power measuring apparatus is configured to
include an equivalent sensor resistor 51 and an equivalent
measurement resistor 52 which are connected in parallel to
the sensor element 1 and measurement resistor 13.

Then, with a connection point 53 between the equivalent
sensor resistor 51 and the equivalent measurement resistor 52
and a connection point between the measurement resistor 12
and the sensor element 1 being defined as measurement ter-
minals (13a, 135), respectively, it is possible to take only the
DC voltage component by differential amplification of the
output voltage between the measurement terminals (see the
image view of FIG. 47(¢)). That is, it is possible to measure
the power consumption of the AC power supply with high
accuracy by constituting the bridge circuit that includes the
sensor element and the measurement resistors. Note that the
resistance values of each resistor are R1=2 ohms, Rcu<<l1,
and R2 and R2'=360 ohms, allowing differential amplifica-
tion with a gain of 60 to 80 dB.

A description will be now made to the measurement results
provided by the measurement circuit 2 of FIG. 7 and the
measurement circuit 3 of FIG. 48 above. The measurement
results of FIGS. 49(a) and (b) are shown by comparison
between the outputs from both the measurement circuits 2
and 3, in the case of which the AC input (load current) to each
of the power measuring apparatuses (the AMP1 (34) side in
FIG. 7) is an execution value of 4.0 V at 100 Hz. The hori-
zontal axis represents the time, but substantially the current
flowing through the load, and the vertical axis represents the
output of the amplifier. It can be seen from FIG. 49 that the
differential amplification with a gain of 80 dB has improved
the noise caused by the AC component as well as the DC
offset.

FIG. 50 is a graph showing the results obtained by detect-
ing harmonic currents in the same method as in FIG. 49(b).
This graph shows the measurement results of the outputs
provided when currents are each supplied to the magnetic film
of the power measuring apparatus at a frequency of (1) 100
Hz+200 Hz+300 Hz, (2) 100 Hz+200 Hz, (3) 100 Hz, (4) 200
Hz, and (5) 300 Hz. From the results, it can be seen that only
the currents at each frequency were generally accurately
detected.

FIG. 51 shows a connection structure for forming a bridge
circuit which includes a sensor element and measurement
resistors when a center tap electrode is provided. With only
the equivalent measurement resistor 52 added, the bridge
circuit is made up of the magnetic film parts on both the sides
of the center tap electrode and the measurement resistors.
Note that a variable resistor may also be added for offset
adjustment purposes. Furthermore, the magnetic film may be
provided in a combination of barber pole magnetic films, in a
combination of magnetization easy axis tilted magnetic films,
or by inducing the magnetization easy axis in the typical
longitudinal direction. Note that as used herein, the “combi-
nation” includes both the case where the magnetic films hav-
ing different operating points are connected in series with a
center tap electrode provided therebetween and the case
where the magnetic films having the same operating point are
connected in series with a center tap electrode provided ther-
ebetween. On the other hand, applying the AC bias magnetic
field to these magnetic films allows the output to be obtained
with improved reproducibility.

FIG. 52 shows a connection structure for forming a bridge
circuit when the magnetic film parts on both the sides of the
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center tap electrode have different operating points. In the
case of the operating points being different, the magnetization
easy axis tilted magnetic film or the differential type barber
pole magnetic film may be employed. This is acceptable so
long as the magnetic film parts each have a different magne-
tization easy axis or a different direction of inclination of
electrical conductors.

FIG. 53 shows a sensor element having a type of magnetic
film parts that are arranged in parallel to each other with either
the upper ends or the lower ends of adjacent magnetic films in
the figure alternately coupled to each other. The sensor ter-
minals (1za, 1¢b) are formed on the upper end and lower end
of'the respective magnetic films on both the ends of the sensor
element. That is, all the magnetic films are connected in
series. The magnetic film of such a type is referred to as the
zigzag type magnetic film.

When the magnetic film is used as the magnetoresistive
type, the output characteristics for an applied magnetic field
exhibit an even function as shown in FIG. 3. Thus, the resis-
tance of the film varies irrespective of the direction of the
current flowing through the magnetic film. Furthermore, in
the case of the magnetoresistive type, the longer the current
path is, the higher the output voltage can be made. In this
context, it is possible to enhance the sensitivity of the output
voltage by employing the zigzag magnetic film as the sensor
element.

On the other hand, two zigzag magnetic films coupled to
each other with the center tap electrode 1m formed at the
coupling point can be used as the sensor element having the
center tap electrode. The zigzag magnetic film can also have
a barber pole electrode formed on top of the magnetic film.
Note that FIG. 53 shows the magnetic film on the surface of
which the barber pole electrode is provided. On the other
hand, in the same manner as described above, it is also accept-
able to employ the magnetization easy axis tilted magnetic
film.

FIG. 54 shows the sensor element with the differential type
barber pole magnetic films which are formed in a zigzag
manner and provided with a center tap electrode therebe-
tween. Such a sensor element can also be employed to con-
struct the power measuring apparatus of the present inven-
tion. Note that even when the sensor element of the
aforementioned variation employing the zigzag magnetic
film is used, it is possible to take advantage of the operating
point adjustment bias magnetic field applying means, the DC
bias magnetic field applying means, the AC bias magnetic
field applying means, or the bandpass filter means. On the
other hand, in place of the barber pole magnetic film, such a
sensor element may also be acceptable in which two magne-
tization easy axis tilted magnetic films each having a different
direction of inclination of the magnetization easy axis are
connected in series with a center tap electrode formed ther-
ebetween.

While the embodiments of the various power measuring
apparatuses according to the present invention and the con-
cepts thereof have been described above, it will be understood
by those skilled in the art that the invention is not limited
thereto but may be otherwise embodied or modified without
departing from the spirit or teachings which are delineated by
the following scope of claims and the description.

INDUSTRIAL APPLICABILITY

The present invention is applicable not only to a power
measuring apparatus but also to larger apparatuses or systems
that require power measurement means.
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REFERENCE SIGNS LIST

1 Sensor element

la, 1p Magnetic film

1¢ Conductor film

1¢ Sensor terminal

1m Center tap electrode

2 Insulating film

3 Conductor film

10 Connection end

12 Measurement resistor

13 Measurement end

15 Power measuring apparatus
22, 32 Function generator
24, 34, 35 Amplifier

26, 37 Low-pass filter

28, 38 DMM (digital tester)
37 Rectifier circuit

38 Charger

39 Switch

40 Bandpass filter means

41 Bandpass filter

42 Switch

51 Equivalent sensor resistor
52 Equivalent measurement resistor

The invention claimed is:

1. A power measuring apparatus for measuring power to be
consumed by a load connected to a power supply through a
connection line, which comprises:

a pair of connection ends for connecting the power mea-
suring apparatus to the power supply in parallel with the
load;

a magnetic film part including a magnetic film;

asensor element having a pair of sensor terminals provided
onboth ends of the magnetic film part, disposed adjacent
to the connection line with an insulating layer interposed
therebetween in such a manner that a direction of a
current flowing through the magnetic film part between
the sensor terminals is substantially in parallel with a
direction of a current flowing through the connection
line, wherein one of the sensor terminals is connected to
one of the connection ends;

ameasurement resistor with one end connected to the other
of the sensor terminals of the sensor element and the
other end connected to the other of the connection ends;

a voltage detecting unit for measuring voltage between
measurement terminals using the respective sensor ter-
minals as the measurement terminals;

n numbers of bandpass filters arranged to be connected in
parallel between the measurement resistor and the volt-
age detecting unit; and

a bandpass filter having a switch capable of selecting n or
less numbers of the bandpass filters out of the n numbers
of the bandpass filters.

2. A sensor element formed by connecting two magnetic
film parts with each other between a pair of sensor terminals,
wherein:

the magnetic film parts have a magnetization easy axis
induced in a longitudinal direction of a magnetic film
and a plurality of electrically conductive films tilted
relative to the magnetization easy axis and formed on a
surface of the magnetic film, the magnetic film parts
respectively have electrically conductive films with dif-
ferent inclination direction from each other, and a center
tap electrode is formed at a portion where the magnetic
film parts are connected with each other,

34

the sensor terminals are disposed adjacent to a power con-
nection with an insulating layer interposed therebetween
in such a manner that a direction of a current flowing
through the magnetic film part between the sensor ter-
5 minals is substantially in parallel with a direction of a
current flowing through a power connection line,
a voltage detector for measuring voltage is provided
between measurement terminals using the respective
sensor terminals as the measurement terminals;

19 numbers of bandpass filters are arranged to be connected
in parallel between a measurement resistor and the volt-
age detector; and

a bandpass filter having a switch capable of selecting n or

15 less numbers of the bandpass filters out of the n numbers

of the bandpass filters is provided.

3. The power measuring apparatus using the sensor ele-
ment according to claim 2 for measuring power to be con-
sumed by a load connected to a power supply through a

20 connection line, comprising:

a pair of connection ends for connecting the power mea-
suring apparatus to the power supply in parallel with the
load; and

the sensor element according to claim 2 with the sensor

25 terminals one of which is connected to one of the con-
nection ends, and the grounded center tap electrode,
wherein the measurement resistor has one end con-
nected to the other of the sensor terminals of the sensor
element and the other end connected to the other of the

30 connection ends.

4. The power measuring apparatus using the sensor ele-
ment according to claim 2 for measuring power to be con-
sumed by a load connected to a power supply through a
connection line, which comprises:

35 a pair of connection ends for connecting the power mea-
suring apparatus to the power supply in parallel with the
load;

the sensor element according to claim 2 with the sensor
terminals one of which is connected to one of the con-

40 nection ends, and the grounded center tap electrode,
wherein:

the measurement resistor has one end connected to the
other of the sensor terminals of the sensor element and
the other end connected to the other of the connection

45 ends; and

the voltage detector measures voltage between measure-
ment terminals using the other of the sensor terminals
connected with one of the sensor terminals through a
register, and a grounded point as the measurement ter-

50 minals.

5. The power measuring apparatus using the sensor ele-
ment according to claim 2 for measuring power to be con-
sumed by a load connected to a power supply through a
connection line, which comprises:

55 a pair of connection ends for connecting the power mea-
suring apparatus to the power supply in parallel with the
load;

the sensor element according to claim 2 with the sensor
terminals one of which is connected to one of the con-

60 nection ends, and the grounded center tap electrode; and

the measurement resistor has one end connected to the
other of the sensor terminals of the sensor element and
the other end connected to the other of the connection
ends, wherein:

65 the voltage detector detects potential between measure-

ment terminals using the sensor terminals as the mea-
surement terminals, and
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an equivalent measurement resistor having the same
resistance value as that of the measurement resistor is
connected between one of the sensor terminals of the
sensor element connected to the one of the connection
ends and the other end of the measurement resistor
connected to the other of the connection ends.

6. The power measuring apparatus using the sensor ele-
ment according to claim 2 for measuring power to be con-
sumed by a load connected to a power supply through a
connection line, which comprises:

a pair of connection ends for connecting the power mea-
suring apparatus to the power supply in parallel with the
load; and

the sensor element according to claim 2 with the sensor
terminals one of which is connectedto one of the con-
nection ends, and the grounded center tap electrode,
wherein

the measurement resistor has one end connected to the
other of the sensor terminals of the sensor element and
the other end connected to the other of the connection
ends,

the voltage detector detects potential between measure-
ment terminals using a point for connecting the sensor
terminals respectively through a resistor and the
grounded point as the measurement terminals, and

an equivalent measurement resistor having the same resis-
tance value as that of the measurement resistor is con-
nected between one of the sensor terminals of the sensor
element connected to the one of the connection ends and
the other end of the measurement resistor connected to
the other of the connection ends.

7. The power measuring apparatus according claim 3, fur-
ther comprising DC bias magnetic field applier configured to
apply a DC magnetic field in the same direction as the longi-
tudinal direction of the magnetic film part to the magnetic film
part.

8. The power measuring apparatus according to claim 4,
comprising DC bias magnetic field applier configured to
apply a DC magnetic field in the same direction as the longi-
tudinal direction of the magnetic film part to the magnetic film
part.

9. The power measuring apparatus according to claim 5,
comprising DC bias magnetic field applier configured to
apply a DC magnetic field in the same direction as the longi-
tudinal direction of the magnetic film part to the magnetic film
part.

10. The power measuring apparatus according to claim 6,
comprising DC bias magnetic field applier configured to
apply a DC magnetic field in the same direction as the longi-
tudinal direction of the magnetic film part to the magnetic film
part.

11. The power measuring apparatus according to claim 3,
comprising AC bias magnetic field applier configured to
apply an AC magnetic field perpendicular to the longitudinal
direction of the magnetic film part to the magnetic film part.
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12. The power measuring apparatus according to claim 4,
comprising AC bias magnetic field applier configured to
apply an AC magnetic field perpendicular to the longitudinal
direction of the magnetic film part to the magnetic film part.

13. The power measuring apparatus according to claim 5,
comprising AC bias magnetic field applier configured to
apply an AC magnetic field perpendicular to the longitudinal
direction of the magnetic film part to the magnetic film part.

14. The power measuring apparatus according to claim 6,
comprising AC bias magnetic field applier configured to
apply an AC magnetic field perpendicular to the longitudinal
direction of the magnetic film part to the magnetic film part.

15. The power measuring apparatus according to claim 3,
wherein the voltage detector is provided with a low-pass filter
between the measurement terminals.

16. The power measuring apparatus according to claim 4,
wherein the voltage detector is provided with a low-pass filter
between the measurement terminals.

17. The power measuring apparatus according to claim 5,
wherein the voltage detector is provided with a low-pass filter
between the measurement terminals.

18. The power measuring apparatus according to claim 6,
wherein the voltage detector is provided with a low-pass filter
between the measurement terminals.

19. A sensor element wherein two magnetic film parts
having a plurality of strip-shaped magnetic films connected in
series between a pair of sensor terminals and disposed adja-
cent to each other are cascaded, wherein:

the longitudinal directions of the strip-shaped magnetic
films of the respective magnetic film parts are aligned in
one direction, a connection point for connecting the
magnetic film parts in series is formed with a center tap
electrode formed at the connection point,

a plurality of electrically conductive films tilted relative to
the longitudinal direction of the strip-shaped magnetic
films are formed on a surface of the strip-shaped mag-
netic films,

the magnetic film parts are tilted at different angles with
respect to the longitudinal direction,

the sensor terminals are disposed adjacent to the connec-
tion with an insulating layer interposed therebetween in
such a manner that a direction of a current flowing
through the magnetic film part between the sensor ter-
minals is substantially in parallel with a direction of a
current flowing through a power connection line,

a voltage detector for measuring voltage is provided
between measurement terminals using the respective
sensor terminals as the measurement terminals;

n numbers of bandpass filters are arranged to be connected
in parallel between a measurement resistor and the volt-
age detector; and

a bandpass filter having a switch capable of selecting n or
less numbers of the bandpass filters out of the n numbers
of the bandpass filters is provided.
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